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SUMHARY

, This is the second volume of a two-volume report on the prediction
of thermal transients in compact heat exchangers. The first volume contains
a presentation of the analytical procedures derived for performing the tran-
sient analysis. This second volume provides 3 complete description of the
computer program {(Program KRONOS) developed on the basis of these procedures,

The discussion of the computer program is presented in two parts.
~Thc first part provides the information necessary for the effective use
of the program. Thib includes detailed instructions for preparing the neces-
sary input data as we]T as a description of the various types of output.
The manner in which the program is used is 1llustrated by a discussion of
" three sample ceses. _

The second part of the discussion conSISts of a description of
the stiructure of the program and its component subroutines. This de-
scription is sufficiently detailed to allow an experienced programmer to
understand completely the logic structure and operation of the program,
and to make'éhanges tc the program should it become necessary at some
future date. The information is given in the form of appendices and con-
sists of @ complete Fortran nomenclature and @ detailed presentation of
the step-by-step calculation procedure for each of the'components (sub-
routines) of the program. The step—by—sfep procedure for each component
includes a presentation of the pertinent equations used along with an ac-

companying logic-flow diagram and Fortran listing.



INTRODUCTI ON

Program Function and Capabilities

Program KRONOS is a digital-computer program written in the
Fortran-V¥ language for use on the Univac 1108 computing system. The
program has been developed for the purpose of facilitating the calcula-
tions involved in the transient analysis of compact heat exchangers of
the plate-fin variety. For a specified heat-exchanger geometry and pair
of fluids, the program can be used to calculate the variations of pressure
drop and outlet conditions with time for given ifnitial conditicns {cor-
responding to either a start-up or steady-state situation) and prescribed
time variations in inlet temperature (and absolute humidity or vapor
quality for a condensing fluid) and flow rate of both streams.

The analytical procedures on which the program is based are
those presented in Volume | of this report. Briefly, these involve ex-
pressing the time derivatives in the set of gbverning differential equa-
tions in terms of finite differences. The number of equations in the
original set is then algebraically reduced to two, one for eazch fluid,
These two equations are solved simu]taneoﬁs]y by an iterative procedure
to obtain the temperature distributions at each new time, & , over the
desired time interval. The iterative procedure involves numerically in-
tegrating the eguation for each of the two fluids with. respect to dis-
tance along its flow length. S

The program is capable of computing the transient thermal
performance of compact heat exchangers in which one of the fluids is
single phase and the other is either single phase or c0ndensing;'this‘-
latter category includes both éingle-component fluids or two-component
fluids in which the tess velatile component condenses {wet gasj. The
configurations which can be treated are parallel-tlow, counterflow, and
multipass-crossflow arrangements of plata-fﬁn heat-transfer surfaces
(matrices). The crossflow configurations are iimited to those in which
the fluid turned between passes is single phase. It is felt that the
program as developed is sufficiently general to be applied to the wide

variety of compact configurations and fluids commonly encountered in

the aernspace industry.



Report Arrangement

i The main body of the report begins with a section in which the
'input-data necessary for the solution of any case are described in detall;
this includes instructions for preparing and supplying this data to the
program. The next section contains a discussion of the various types of
output data which can be obtained from the program along with gu:dellnes
for their interpretation. The last three sections contain miscellaneous
information regarding the operation of the program with the computing
system, a discussion of three sample cases {single-phase counterflow,
wet-gas-crossflow, and two-phase crossflow} illustrating the use of the
program, and a number of conclusions and recommendations recliated to the
program. .

The first appendix consists of a general discussion of the
over-all logic structure of the program. The next appendix gives the
Fortran nomenclature for the major variables used in the program. The
remaining appendices provide detailed descriptions of the various com-
ponents (main routine and subroutines) which make up the over-all pro-
gram, one appendix for each component. The appendix for each component
contains a presentation of the input and output variables, an internal
Fortran nomenclature, a description of the step-by-step calculation pro-
cedure, a flow diagram representing the logic structure, and the associated

Fortran listing.



b

INPUT DATA

General Description

The input data used by Program KRONOS falls into two main categories:
input data directly specified by the user, and input data obtained from 2
magnetic tape called the matrix-data tape. Since the matrix-data tape'is
detailed in References | through 4, only a general discussion of its use
is presented here. Rather, this section focuses sttention upon input data
in the first category, '

The physical input data directly specified by the user can itself
be divided into three categories:. general data for the heat exchanger as a
unit, fluid or associated matrix data, and time-related data. The general

input data consists of:

1. Flow érrangement.
. 2. Number of passes for a mu]tipass-ﬁrossflow arrangement,
v _?T“ 3. Core dimensions. .
va“ L. Parting-plate thickness, density, and heat capacity;
’JE' 5. Side-wall thicknesses, density, and heat capécity.
‘?/f . The data specified for each fluid or its associated matrix con-
sists of _
L 1 inlet pressure.
T 2, Heat-transfer matrix.
L?=.3. Hydraulic radius of the matrix, _
nTh L, Splitter-plate thickness, thermal conductivity, density, and

heat capacity for the matrix.
5. Fluid type, i.e., single-phase gas or liquid, and for fluid
r, two-phase fluid (that is, sing?e-compoﬁent condeﬁsing
fluid) or wet gas.
6. Compressibility factor and gas constant for a vapor or gas.’
7. Molecular weight for the gas and vapor components of a wet gas.
B. Saturation temperature and letent heat of vaporization at the’
pressure level (inlet pressure) for a two-phase fluid.
9. Critical pressure, atmospheric pressure, and acceleration of

gravity for a two-phase filuid.



10. Pressurc and tatent heat of vaporization as a function of

saturation temperature for the vapor component of a wet gas.

11. Sbecific heat, viscosity, thermal conductivity, and, for &

liquid, density as & function of temperature for a single~
phase gas or liquid, both vapor and liquid phases of a two-
phase fluid, or both gas and vapor components of a wet gas.

The time-related data consists of:

1. initial condition, i.e., start-up or steady-~state.

2. Heat exchanger metal temperature for the start-up initial

condition.

3. Number of time periods into thch the transient investiga-

tion is divided. .

4. Length and nominal number of time increments for each time

period of the transient investigation. '
5. Mass flow rate as & function of time, either in analytical
or tabular fbrm, for both flyids.

6. Inlet temperature as a function of time, either in’'analyti-
cal or tebular form, for both fluids except pessibly fluid r
when it is always two-phase at iniet.

7. Absolute humidity at inlet as a function of time, either in

analytical or tabular form, for fluid'r when it is & wet gas.

8. Vapor quality at inlet as a function of time, either in

analytical or tabular form, for fluid r when it is a two-
phase fluid except possibly when it is always single-phase
at inlet. .
Finally, in addition to the pﬁysiﬁa! input data, the user must specify
various other data which are necessary to obtain a solution.

The matrix-data tape is the one generated by Program OPTIMA, 3
computer program previously supplied tc NASA by NREC and described in
References | through 4. This tape contains the geometric data and flow
and heat-transfer performance data for the various plate~fin heat-transfer
surfaces available for use as the passages in the exchénger. For each sur-
face {or matrix), the data on the tape are in three groups. The first
group consists of an index number (N ,e) and title identifying the surface.

The identification number can have any value between 1 ard 10,000 The

-



numbering system used in referencing the matrices is given in-Table X of.
Reference 2. The second group of dats consists of the hydraulic'radius
(rk } and the nondimensional geometvic quantitieﬁ, Si_ ,,ff‘ , 8¢ .

bLe ,#\p/?\ , Oint > Au »(\gfv%;filwv'and N, (see Appendix | of

Ref ? for a more detziled dédeription of these quantities and the
relations used to compute them). In addition, it includes the value of
an indeg,HrYPe , specifying the type of surface. The 1a§t’gr0up of data
consists of a table of experimental values of friction factor (f) and
Colburn modulus (J ) versus Reynolds number (Re). The matrix to be used
for each fluid is specified in the iﬁput data by giving the appropriate
identification number previously assigned to the matrix in generating the
tape. The required data for the matrix are then read from the tape when
needgd by the program.

Detailed Description of Input Date

The information required to prepare the input data for a case
is furnished in the table given below. This information contains a de-
scription of each input item as well as a description of the form in
which these items are written on input data sheets. -The descriptions of
the input items refer frequently to several points, relevant to the -
selection of input values, which are discussed in the subsequent sub-
section. The discussions of these numbered points provide additionatl
detailed information useful in preparing the input data for any case. It
should be noted that any consistent set of units may be used for the in-
put items; however, the English system of units is included in ‘the de-
scription of each item. -

The first input item read by Program KRONOS consists of a
description of the case. This item, aé specified by & FORMAT statement,
consists of 1-72 alphanumeric characters; any combinmation of numbers,

capital letters, punctuations, or blanks may be used. -

Fortran :
Line "~ Location Symbol Description
i 1-72 COMENT A statement describing the case

to be considered; this may be
left blank but may not be omittzd



The remaining input items are read into Program KRONOS‘using a
NAMELIST statement. Input data referring to a NAMELIST statement begins
with a S in the second location on a new line, immediately followed by
the NAMELIST name, immediately followed by one or more blank characters,

Any combination of three types of data items may then follow. The data

- iwa2ms must be separated by commas. | f more than one line is needed for

the input data, the last item on each line, except the last line, must

* be a number followad by a comma. The first ltocation on each line should
always be left blank since it is ignored, The end of a grbup of data is
signaled by $EMD in the second through fifth locations of a line. The
form that data items may take is: _

1. Mariable.name = constant, where the varigble name may be
an arrvay element or a simple variatle name. Subscripts
must be integer constants,

2. Array name = set of constants separated by commas where b
constant may be used to represent £ consecutive values
of a constant, The number of constants must be egqual to
the number of elements in the array.

3. Subscripted variable = set of constants separated by
commas where, again, £ constant may be used to rep-
resent # consecutive values of a constént. This results
in the set of comstants being placed in consecutive array
elements, starting with the element designated by the sub-
scripted variable, l

The items in tHe namelist NAM3 are as follows:

Fortran I nput
Symbol ftem ' Description
NFLO ; Indicator:
NFLO=1 if the flow arrangement
' is multipass-crossflow
NFLO=2 if the flow arrangement
is parallel flow
NFLO=3 if the flow arrangement
is counterflow (see point
| D -
NPC : | Np - Number of passes in a multipass-

crossflow arrangement; this item
may be omitted if NFLO#I



B

. Fergran

Symbol
NXiN

NXPPIN

MYPIN

input
Item

B

K,F

Nyﬂb

Description
Number of increments into which the
parallel or counterflow heat exchanger
is divided for the calculsations; this
item may be omitted if NFLO=1 (see
point 2)

Number of increments in the x direction
into which each pass of the crossflow

heat exchanger is divided for the

calculations (see point 2); this item
may -be omitted if NFLOHI

“Number of increments in the y direction

into which cach pass of the crossflow
heat exchanger is divided for the cal-
culations (see point 2); this item may
be omitted if NFLO#] '

The user of the program may specify that the value set in the program of

EIthQF_MX ,rqx,#l, or bi?fﬁ, should be used in the calculations by

setfing either NX ,b{{# ’C”;Ny P , respectively, equal to zero in the
: i ! .

input data. (The values set in the program are NX = iO,i4x;f = 5, and

Hm‘fq = ]0.)
Fortran -
Symbol
RHUNIT

GC

ELX

- ELY

ELNF

PP
DEWSMP

1nput

| tem

ﬁ%t&hlf

7 Description
Proportionality factor by which the
values of hydraulic radius obtained
from the matrix-data tape are multi-
plied to convert them-to the appropri-
ate units. This gquantity is required
only if the user of the program does
not wish to specify the hydraulic
radius for each fluid, but instead
wishes to use the vaiues obtained
from the matrix-dats tape {see point 3)
Proportionality constant in Newton's,
Law (4,169 » 108, ft 1bm per iBF hr
Core dimension in the x directicn, *t
{see sketch included with Nomenziature)
Core dimension in the y direction, ft
(see sketch included with Nomenciature)

Core dimensicn in the nonflow direztion,

ft (see sketch included with Nomenzlature)

Parting-plate thickness, ft

Density of the parting-plate metal, o™
ger cu TtU



Fortran Input o
Symbol | tem ’ - Description 7
CPMP ; Gf,rhﬁﬁdé_ Heat capacity of the parting-plate metal,
‘ Btu per Ibm deg R
SWL [z y ' Thickness of the side wall parallel to the
e parting plates, ft ‘
| SWT Qg t Thickr\e.ss of the side wall normal to the
! parting plates, ft
DENSMW P DenSity of the side wall metal, lbm per
. me,t.‘.‘-“-' . cy Tt
CPHY c Heat capacity of the side-wall metal,
| Fomes, sw Btu per 1bm deg R
FINS' 43“1 s o inlet pressure for fluid s, psf
NCORES Mcoreg " ldentification number of the matrix

associated with fluid s (see point 3)

, Hydraulic radius of the matrix associated
hs ' with fluid s, ft. The user of the progrem
may specify that the value of r, . obtained
from the matrix-data tape be uséd in the
calculations by setting‘rh.sequal to zero
and entering the correct velue of RHUNIT
(see point 3)

RHINS . p

SPLS fo 2 ‘ Sblitter~p]ate thickness for the matrix
S?Vg associated with fluid s, ft
CONDMS et S Conductivity of the metal for the matrix
T . associated with fluid s, Btu per hr ft -
deg R :
DENSMS fgm¢i P ‘ ' Density of the metal for the matrix as~
. sociated with fluid s, lbm per cu ft
CPMS - cfh*“‘tis o Heat capacity of the metal for the matrix
‘ - associated with fluid s, Btu per ibm deg R
| COMPS Lcoth‘g ) IndlCQtor for fluid s;
ICOMPS=1 if fluid s is a gas
ICOMPS=2 if fluid s 1s a liquid

25 . =3 Compressibility factor for fluid s; this

o item may be omitted if [COMPS=2 :
GASKS Rs Gas constant for fluid s, ft 1bf perl I bm

' deg R; this item may be omitted if |COMPS=2
NTFPS ' Number of temperatures at which values of
the fluid properties are specified for
N fluid s (a maximum of 10 is allowed)

(TFPS({N), Ths "~ Table of values of temperature at which
N=1,NTFPS) . ' fluid properties are eatered for fiuid s,

deg R (see point 4}



Fortran lnput
Sxmbol {tem
(CPXS(N) &

! S
N=1 NTFPS) (A

: A
(VISXS(N), y22
N=1,NTFPS) e

R
{THKXS (N}, £
N=1,NTFPS) %

FaY
(ROXS{N), Pn o
N=1,NTFPS} !
PINR 4b“hV
NCORER - Negea, v
_ RHINR Fhy
¥
SPLR Agp,r
+
CONDMR ﬁrhei i
DENSMR Ponetv
CPHR Chomet,r
KPHR

~Description
Table of values of specific heat corres-
ponding to the temperatures TFPS for
fluid s, Btu per 1bm deg R

Table of values of viscosity corresponding
to the temperatures TFPS for fluid.s, 1bm
per hr ft

Table of values of thermal conductivity
corresponding to the temperatures TFPS

‘for fluid s, Btu per hr ft deg R

Table of values of density corresponding
to the temperatures TFPS for fluid s,
1bm per cu ft; this item may be left
blank if 1COMPS=1

intet pressure for fluid r, psf

|dent1f1cat|on number of the matrix as-
sociated with fluid r (see point 3)

Hydraulic radius of the matrix associated
with fluid r , ft. The user of the pro-
gram may specify that the value of i,
obtained from the matrix-data tape be’
used in the calculations by setting ry
equal to zero and entering the correct
value of RHUNIT (see point 3)

Splitter-plate thickness for the matrix
associated with fluid r, ft :

Conductivity of the metal for the matrix
associated with fluid r, Btu per he ft
deg R

Density of the metal for the matrix
associated with fluid r, 1bm per cu ft’

Heat capacity of the metal for the matrix
associated with fluid r, Btu per lom deg R

Irdicator for fluid r:

KPHR=1 if fluid r is single phase

KPHR=2 if fluid r is single componzat,
two phase

KPHR=3 if fluid r is a two component
wet gas :

{f KPHR=2 the input data for fluid r resumes on page Il with the item TSAT,

whereas if KPHR=3, the input data for fluid r resumes on page 13 with the

item ZG.
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_Fortran .-Anput .

o Symbol - . ltem.. ~ Description
ICOMPR i | - Incicator for fluid:r:
C.omp

ICOMPR=] if fluid r is a gas
ICOMPR=2 if fluid r is a liguid

IR Z, ' Compressibility factor for fluid r;
- ~ - this item may be omitted if {1COMPR=2
- GASKR =] Gas conStant for fluid r, ft tbf per
: r ' lbm deg R; this item may be omitted
it ICOMPR=2
"?:"NTFPR‘ _ Number of temperatures at which values

of the fluid properties are specified
for fluid r (2 maximum of 10 is allowed)

: A
{TFPR(N), Tn “Table of values of temperature at which
N=1,NTFPR} _ fluid properties are entered for fluid r ,
' deg R (sece point &)

A
(CPXR{N), Cony Table of values of specific heat cor-
N=1,NTFPR) P responding to the temperatures TFPR for
ftuid r , Btu per lbm deg R
A
{(VISXR(N), Moy . Teble of.values of viscosity correspond~
N=},NTFPR) ’ ing to the temperatures TFPR for fluid r ,

1bm per hr ft
A
(THEXR(N}, + Table of values of thermal conductivity

N=1,NTFFR) T corresponding to the temperatures TFPR
‘ for fluid r , Btu per nr ft deg R
A .
(ROXR (N}, A, , ~Table of values of density corresponding
N=1,NTFPR) ! . to the temperatures TFPR for fluid r ,

bm per cu ft; this item may be left
blank if ICOMPR=I

The input data in the case where KPHR=1 resumes on page 14 with the jtem INC.

Saturation temperature of fluid r corre-

TSAT T,

saot
‘ sponding to the inlet pressure 1ﬁh', , deg R

HFGSAT 'h{ " Latent heat of vaporization of fluid r

g% ~ corresponding to the saturation temper—
. ature T, Btu per Ibm

PCRIT Pt Critical pressure of fluid r, psf
ori _

PATM = Atmospheric pressure (2116.2 at standard
atye conditions), psf

GACC 9 _ "~ Acceleration of gravity (4.169 x 108 for

a standard station on earth), ft per hr?



Fortran
Symbol
Y

GASY

NTFPV

{TEPV(N),
N=1,NTFPV)

(cexv (),
N=1,NTFPV)

(visxv(n),
N=1,NTFPV)

(THRXV(N),
N=1,NTFPV)

NTFPL

(TFPL(N),
N=1,NTFPL)

(CPXL (N,

N=1,NTEPL)

(VISXL(N),
N=1 ,NTFFL)

V(THKXL(R),

N=1,NTFPL)

{ROXL(N),
N=1,NTFFL}

A
/oh,i

Description
Comﬁrcssibi]ity factor for the vapcr phase
of fluid r

Gas constant for the vapor phase of fluid r,
ft 1bf per 1bm deg R

Number of temperatures at which values
of the fluid properties are specified
for the vspor phase of fluid r {8 maximum
of 10 is allowed)

Table of values of temperature at which
fluid properties are entered for the vapor
phase of fluid r, deg R (see point 4)

Table of values of specific heat corre-

sponding to the temperatures TFPVY for the
vapor phase of fluid r , Btu per ibm deg R

Table of values of viscosity correspdnding
to the temperatures TFPVY for the vapor
phase of fluid r , lbm per hr ft

Table of values of thermal conductivity
correspdnding to the temperatures TFPY
for the vapor phase of fluid r, Btu per
hr ft deg R

Number of temperatures at which values of
the fluid properties are specified for the
liquid phase of fluid r (& maximum of 10
is allowed)

Table of values of temperature at which
fluid properties are entered for the
liquid phase of fluid r, deg R (see
point L}

. Table of vatues of specific heat corre-

sponding to the temperatures TFPL for
the tiquid phase of Fluld r, Btu per
1bm deg R '

Toable of values of viscosity corfespond-
ing tc the temperatures TFFL for the
liquid phase of fluid r, Ibm per hr ft

Table of values of thermal conductivity
corresponding to the temperatures TFFL
for the liquid phase of f}Utd r, Btu
per hr ft deg R

Table of values of density corresponding
to the temperatures TFPL for the liquid
phase of fluid r, lbm per cu ft.
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The data for fluid r in the case where KPHR=2 resumes on page 14 with the

item INC, .

Fortran
Symbol
ZG
GASKG

EMWG

NTFPG

{(TFPG{N),
N=1,NTFPG)

(CPXG(N),
N=1,NTFPG)

(VISXG(N),
N=1,NTFPG)

(THKXG(N),
N=1,NTFPG)

2y
GASKY
EMWY

NTSAT

(TSAfX(N),‘

" N=1,NTSAT)

| nput
ftem

Description

Compressibility factor for the gas com-
ponent of fluid r ' :

Gas constant for the gas component of
fluid r, ft 1bf per lbm deg R

" Molecular weight of the gas compenent

of fluid r, 1bm per lbm-mole

Number of temperatures at which values
of the fluid properties are specified
for the gas compenent of fluid r (a
max imum of 10 is allowed)

Table of values of temperature at which
fluid properties are entered for the
gas component of fluid r, deg R (scee
point 4)

Table of values of specific heat corre-

" ponding to the temperatures TFPG for

the gas component of fluid r, Btu per
lbm deg R

Table of values of viscosity correspond-
ing to the temperatures TFPG for the gas
component of fluid ¢, lbm per hr ft

Table of values of thermal conductivity
corresponding to the temperatures TEPG

for the ges component of fluid r, Btu

per hr ft deg R :

Compreséibility factor for the vapor com-
ponent of fluid.r

Gas constant for the vapor component of
fluid v, ft ibf per Ibm deg R

“Molecular weight of the vapor component

of fiuid r, 1om per lbm-mole

Number of saturatioa temperatirss at
which values of pressure and latent
heat of vaporization are specified for

‘the vapor component of fluid r (a maxi-

mum of 10 is allowed)

Table of values of saturation temperature
at which values of pressure and latent
heat of vaporization are entered for the
vapor component of fluaid r , deg R
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. Symbo] - item
(PsamU(N), P,
N=1,NTSAT) Foat

- (HFGSTX(N), .
N=1 ,NTSAT) fg,50Hm
NTFPV

' A
(TFPY (R, Th v
N=1,NTFPV) '
CPXV (M) 3
( > ( ] ?)h, v

Fortran Input

N=1,NTFPV)

oY
(VISXVIN), .,
N=1,NTFPV) '

(THKXV(Nj, ﬁ

N=1,NTFPV) A
INC
NFER ) Nf{r

(THPER(N),  Gpere

N=1,NPER)

Description
Table of values of pressure corre-
sponding to the saturaticn temperatures
TSATX for the vapor component of fluid ¥,
pst

Table of values of latent heat of vapor-
ization corresponding to the saturation

temperatures TSATX for the vapor component

of fluid r, Btu per lbm

Number of temperatures at which values
of the fluid properties are specified
for the vapor component of fluid r {a
max imum of 10 is allowed)

Table of values of temperature at which
fluid properties are entered for the
vapor component of fluid r , deg R

{(see point L)

Table of values of specific heat corre-
ponding to the temperatures TFPV For
the vapor component of fluid r, Btu
per lbm deg R

Table of values of viscosity correspond-
ing to the temperatures TFPV for the
vapor component of fluid r, Btu per ibm
deg R

Table of values of thermal conductivity

.corresponding to the temperatures TFPY

for. the vapor component of fluid r ,
Btu per hr ft deg R '

Indicator;

INC=1 if the initial conditions cor-
respond to start-up

INC=2 if the initial conditions cor-
respond to steady-state {see
point 5)

Temperature of the heat exchanger metal
2t start-up, deg R; this item wmay be
omitted if INC=2 (see point 5)

Number of time periods of constant time
increment into which the transient in-
vestigation is divided; a maximum of 10
is allowed {see point 6)

Length of each successive time period
in the transient investigation, hr



Fortran tnput : ‘ .
Symbol ' | tem Description |
(NDTH(N), N ' Nominal. number of time increments for
AF pn . . . .
' each time period of the transient iIn-

N=1,NPER)
vestigation (see point 6}

{ITHC(N}, Indicator for each time period of the
N=1,NPER} transient investigation: .

ITHC(N)=0 if the size of the time
' increment in time period h
corresponds to the nomi-
o nal number of time increments
ITHC{N)=1 if the size of the time in-
crement in time period h cor-
responds to the nominal number
of time increments, but is
bounded by calculated maxi-
mum and minimum values
ITHC{N)=2 if the size of the time
© increment in time period n
corresponds to the average
of the calculated maximum
and minimum values (see
point 6)

IMS . Indicator for filuid s:

[MS=1 if the variation of mass flow
rate with time is expressed ana-
Iytically

IMS=2 if the variation of mass flow
rate with time is expressed
tabularly

If 1M5=2 the input data for fluid s resumes below with item NM3.

(CMs(N),

c
N=1,9) WERS

Array of nine coefficients in the ana-
Ilytical expression for mass flow rate
as a function of time for fluid s (see
point 7) o

The data for fluid s in the case where iM3=1 resumes on page 16 with item {15,

NMS - © Number of entries in the tabular ipesi-
: fication of mass flow rate as a fupction
of time for fluid s (2 maximum of 20 is

aliowed) _
~ 3 .
(THWS (N), gwsfn ‘ - Table of values of time at which values
\ _
N=1,NWS) of mass flow rate are entered for fluid s,
hr ‘
{WSX (N}, " " Table of values of mass flow rate corre-

s, o . .
N=1,NTS) sponding to the times THWS for fluid s,

Ibm per hr
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Fortran Input
Symbo| i tem
178

Description
Indicator for fluid s:

tTS=1 if the variation of inlet tem-
perature with time is expressed
analytically

ITS=2 if the variation of inlet tem-
perature with time is expressed’

tabularly
1f 175=2 the inpuf data for fluid s resumes below with item NTS,
(CTS(N), Cren “Array of nine coefficients in the analy-
N=1,9) “0 tical expression for inlet temperature as

a function of time for fluid s {see point 7)

The fluid input data in the case where !TS=1 resumes below with item NMR.

NTS
2
(THTS (N) e n
N=1,NTS) -
A
(TINSX(N), Tins,n
N=1,NTS)
IMR

If IMR=2 the input data for fluid

{CMR(N) , : Curn
N=1,9) ’

Number of entries in the tabular specifica-
tion of inlet temperature as a function of
time for fluid s (a maximum of 20 is
allowed)

Table of values of time at which values of
inlet temperature are entered for fluid s,
hr.

Table of values of inlet temperafure cor-

responding to times THTS for fluid s, deg R
indicator for fluid r:
IMR=1 if the variation of mass flow

rate with time is expressed
analytically

IMR=2 if the variation of mass flow
“rate with time is expressed
tabularly

r resumes below with Ttem NMR.

Array of nine coefficients in the analyti-
cal expression of mass flow rate as a func-
tion of time for fluid r (see point 7)

The data for fluid r in the case where IMR=1 resumes on page 17 following

item WRX.
NMR

N
(THWR(N) , .
N=1,NWR) d

A

WRX(N), Wien
N=1,NdR)

Number of entries in the tabular specifica-
tion of mass flow rate as a function of
time for fluid r (a maximum of 20 is allowéd)

Table of values of time at which values of
mass flow rate are entered for fluid r,
hr. : :

Table of values of mass flow rate corres-
-ponding to lhe times ThHwR for fluid r,

1bm per hr
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If 1TR=2 the input data for fluid r resumes below with item NTR.
(CTR(N}, C

17

1f KPHR=2 the inpuﬁ'data for - fluid r resumes on page 18 with the item 1TXV.

Fortran Input
Symbol ltem ‘Description
(TR | “Indicator for fluid r:

ITR=1 if the variation of inlet temper-
aturc with time is expressed analy-
tically I

(TR=2 if the variation of inlet temper-
ature with time is expressed tabu-
larly

-

Array of nine coefficients in the ana-
lytical expression for inlet temperature
as a function of time for fluid r (see

point 7) -

N=1,9) Trn

The input data in the case where-ITR=1 and KPHR=! is now complete. Data
for additional cases may be entered by returning to line.i and repeating
the above procedure. The input data in the case where 1TR=1 and KPHR=3 re-
‘sumes below with item !0M.

NTR - C Number of entries in the tsbular speci-
fication of inlet temperature as a
function of time for fluid r (& maxi-
mum of 20 is allowed)

A .
(THTR(N), &4, Table of values of time at which values
N=],NTR) » of inlet temperature are entered for
fluid r, hr-
N .
(TINRX(N), Tinrn . Table of values of inlet temperature
N=1,NTR) T corresponding to the times THTR for

fluid r, deg R

_The input data in the case where {TR=2 and KPHR=1 is now Eomplete. Data

for additional cases may be entered by returning to line 1 and repeating
the above procedure. The input data in the case where |TR=2 and KPHR=3
continues with item IQM.

O™ indicator for fluid r.
10M=1 if the variation of aasoiate
humidity at inlet with time is
expressed analytically

joM=2 if the variation of absolute
humidity at inlet with time is
expressed tabularly

If 10M=2 the input data for fluid r in the casé whan KPHR=3 resumes on

page 17 with item NOM.



fortran Input :
Symbo| | tem . : Description

(coM{ny, ¢, . Array of nine coefficients in the ana-
N=1,9) it lytical expression for absolute humidity

at inlet as a function of time for fluid r
(see point 7)

The -input data in the case where I0M=l and KPHR=3 is now complete. Data for
additional cases may be entered by returning to line 1 and repeating the

™~
above procedure.

NOM ~ Number of entries in the tabular speci-
L fication of absolute humidity at inlet
T as a function of time for fluid r (a
' A ' maximum of 20 is allowed)
(THOM(N), & _ Table of values of time at which values
N=1,NOM) “yn -

of absoclute humidity at inlet are entered
for fluid r, hr :

A .
(OMX (N} , Win,vn - Table of values of absoclute humidity at
N=1,NOM) ' ' " inlet corresponding to the times THOM
. for fluid r

The input data in the case where I0M=2 and KPHR=3 is now complete. Data
for additional cases may be entered by retur;ing to line 1 and repeating
the above procedure. '

ITXV _ _ © " Indicator for fluid r

ITXV=1 if fluid r is always a single-
phase vapor-at inlet and the vari-
ation of inlet temperature with
time is expressed analytically

ITXV=2 if fluid r is always two phase
at inlet and the variation of in-
‘tet vapor quality with time is
expressed analytically

[TXV=3 if fluid r may be single or two-
phase at inlet and the variation
of both inlet temperature and in-

- let vapor quality with time are
-expressed tabularly

If ITXV=2 the input data for fluid r resumes on page 19 with item CXV,
whereas if {TXV=3 the input data for fluid r resumes on page 19 with item NTXV.

(CTR(N}, C, ' . Array of nine coefficients in the ana-
N=1,9) L : lytical expression for inlet temper-
ature as a function of time for fluid r
. {see point 7)
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The input data in the case where 1TXV=1 and KPHR=2 is now complete. Data
for additional cases may be entered by returning to line 1 and repeating

the above procedure.

Fortran Input

Symbol ltem ‘ Qgscrigtion

(CXV(N), Cyul ‘ . :
N=1,9) *Vin Array of nine coefficients in the ana-

lytical expression for inlet vapor
quality as a function of time for fiuid
r (see point 7)

The input data in the case where ITXV=2 and KPHR=2 is now complete. Date
for additional cases may be entered by returning to.line 1 and repeating
the sbove procedure.

NTXV 7 " Number of entries in the tabular speci-
' ‘fication of inlet temperature and vapor
quality as a function of time for fluid r
(a maximum of 20 is allowed)

(THTXV(N), & . Table of values of time at which values

T . .

N=1,NTXV) xv,hn of inlet temperature and vapor quality

are entered for fluid r, hr
N

(TINRX (N}, Tiavw _ . Table of values of inlet temperature cov-

N=1,NTXV) o , responding to the times THTXY for fluid r,
deg R

A . }
(XVINX{N), Xv,inn Table of values of vapor quality &t in-
N=1,NTXV) - let corresponding to the times THTXV for
: fluid ¢ ‘

The input data is now complete. Data for additional cases rmay be entered by
returning to line 1 and repeating the sbove procedure. With the exception
of the descriptive statement which is entered on line 1, only those items :

whose values are to be changed for the new case need be entered.

Discussion of Input Datsa

Some important aspects to be COnS%dé?Ed in_appropriately speci=
fying the input data are discussed below. Numerical reference to these
discussions has been made in the preceding subsection in which the input
format was described. The points referred to are as fodlows:

t. Fluid Designation - In all cases, fluid s must be single-

phase throughout the exchanger. Fluid r may be single-phase

throughout, 2 single-component condensing fluid (two-phase),
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or a two-component fluid in which the less volatile com-

- ponent is condensing (wet gas}. For multipass-crossflow

configurations, fluid s must be the one which is turned
between passes and its over—ai] flow direction must be

the negative X direction. 1In all cases, the positive X
direction is defined as the flow direction of fluid r.

The value of the indicator NFLO then cqmpletely specifies
the flow direction of fluid s. A parallel-flow arrange-
ment (NFLO=2) indicates fluid s flows in the positive X
direction, a counterflow arrangement (NFLO=3) indicates
fluid s flows in the negative X direction, and a multipass-
crossflow arrangement (NFLO=1) indicates fluid s is turned
between passes and it flows over-all in the negative X
direction. '

Number of Increments - For purposes of analysis, the ex-,

changer is considered to be divided into a number of finite-
difference elements. The per cent error of heat balance for
the steady-state case gives an indication of the truncatiOnr
error associated with distance in the solution procedure.,
The values of Ny , or Nyt and ?4%# set in the computer
program (Ny= lO,Nx}% = 5, and H?rP = 10) are thought to
provide sufficiently accurate results in most cases-- less
than | per cent error in the heat balance for counterfiow

or parallel-flow arrangements, and approximately 3 or 4

per cent for crossflow arrrangements. Howevér, if the per
cent error of the heat balance is notlsatisfactory, the user
of the program can alter the value througH the specification
of N,, or Nx;# and Ny'#. The error varies inversely with
the number of finite-difference elements.

Geometry and Performance of Core - The heat-exchanger core

consists of plate-fin heat-transfer matrices whose internal

geometry and flow and heat-transfer performance character-

“istics must be specified by the program user. This is done

by specifying the matrix identification number {Nggpe ) as~

sociated with each of the two fluids. The required geometric
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and performance data for each matrix are read from the
matrix-data tape described previously. The internal di=
mensions of the matrix are computed from the nendimensional
data given on the tape and a value of the hydraulic radius.
The option is available of using either the value of T
obtainea from the tape or a value specified by the user. The
latter option is equivalent to scaling the dimensions of the
actual matrix used in measuring the experimental f and )
data given on the tape. A reasonable amount of scaling

(s factor of about 2 or 3} should be possible for uninter-
rupted-fin matrices without significantly affecting the
measured flow and heat-transfer performance. However, @
lesser amount of scaling (say s maximum of about a 10 or

20 per cent change in hydraulic radius) should be used with

the interrupted-fin variety of matrix.

Fluid Properties - The temperatures at which fluid properties
are specified should cover the‘raqge of temperatures the fluid
could possibly assume in the case, so that interpolation will
always be performed. In any case, extrapolation of properties,
with the exception of { and ] data, is not allowed; rather
bounding values of the property wilt be used. Further, iT

the interpolation procedure is to functicn properfy, the
temperatures at which fluid properties are specified must

be in monotonically increasing order.

Start-up Conditions - It is felt that the start-up initial

condition can best be simulated by the computer program by
setting (a) the fluid temperatures at #=0 equal to the
temperature of the heat-exchanger metal specified in ths

input data ( Toyeh)s 273 (b} the fi.id mazs Tiow at £=0 eg.ei
to zero. Both fluid temperatures and mas;“flowsvshouid then
be allowed to reach their intended values in & manner modeled .
after the actual variation.

Time increment - The specification of time increment in the

‘transient investigation is influenced by (a) the trunzation
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error associated with time in the solution procedure, and (b)
the hypérbo!ic nature of the governing differential equations.
The former influence leads to greatar'accuracy as the size of
the time increment decreases,rwhile the latter influence (see
Appendix IV of Volume |) causes a decrease in accuracy at small
values of & if the size Df.the time increment decreases beyond
a certain value. In most cases, these influences combine to
produce a relatively wide range of acceptable values 'of time
increment at each point in time which is bounded by both mini~
mum and maximum values. In the input data, the transient in-
vestigation is first divided into a number of time periods.
The total time interval to be investigated ( Byferval)

determined by the number of periods and length of each period,
Npey

= > 9,,,,:,,,

s
Lndev\a! wol

‘'For each time period, the user of the program has the option

of either {a) specifying a constant time increment {(1THC=0)
given by dividing the length of the time period by the pumber

of time increments, (b) the time increment of (a} above but

" bounded by internally calculated maximum and minimum values

at each point in time (ITHC=1), or {(c) the time increment ob-
tained by averaging the internally calculated maximum and mini-~
mum values at each point in time (ITHC=2). The first option
(a) should be used when results are desired at definite values
of & (for example, values below the minimum A8 calculated

by the program) over the total time interval. The second
option {b) provides a semi-automatic procedure for selecting
the time increment, allowing the program user some control

over the values of & at which ca]cu]atlons are performed;

it is suggested that this option be used in most tases. The

‘third option (c) provides a completely automatic procedure

which can be used in cases where the program user has no pre-
ference as to the values of & at which calculations are per=

formed and results printed.

ot
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ﬁgﬁi&fical Variation of lnput Dats with Time - The snalytical

variation of time-dependent input data is specified in the
form of nine coefficients for each input item. In the com-
puter program, the nine coefficients are applied to the fol-

lowing general expression:
¢, & cg & .
'F(Q):Cl'*‘cz e+, e s (Cesm C,0+Cg cos CSC.Q)

Hence a wide variety of analytical variations of input data

may be specified,



OUTPUT_DATA

The output of Program KRONOS consists éntire]y of printed
data. The printed data fails into two main categories: normal out-
put, and error messages with additional output. The normal output,
which is itlustrated by the sample cases included in the report, will

be described first. Although the units of the output are determined

by the inbut data,, the English system of units is included in the

_description of each item.

Normal Qutput

The information included in the normal output can be divided

into the following categories:

1. General input data,

2 Fluid or asscciated matrix input data.

3. Time~related input data. '

L. General results of the calcuiations.

5. Time-dependent results of the calculations.

‘A description of the items in each category is given below.

The normal output of a typical case begins with the statement’

describing the case, immediately followed by the items in category l--
general input data. The general input data consists of:
‘1. Flow arrangement,
2. Number of passes for a multipass-crossflow arrangement,
3. HNumber of calculation increments to be used.
L. Proportionality factor by which values of ‘hydraulic
radius obtained from the matrix-data tape are multiplied
to obtain the desired uaits, | A
5. Proporfionaiity constant in Newton's Law, ft 1bm per
1bf hr? |
6. Core dimensions, ft ,
7. Perting-plate thickness, ft, density, tbm per cu ft, and
he»t capacity, Btu per lbm deg R,
8. Siz. wall thicknesses parallel and normal to the perting
plates, ft, density, lbm per cu fl, and heat capecity,

Bty per 1bm deg R,

&
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The normal output of a typical case continues with the items

in category 2-- fluid or associated matrix input data. The items, which

appear for fluida s and fluid r'consist of:

1.

10.

.

12.

Inlet pressure, psf.

Flow direction.

Matrix identification number,

Hydraultic radius, ft, of the matrix or a statement that
the hydraulic radius has been obtained from the matrix-
data tape. -_

Splitter-plate thickness, ft, thermal conductivity,

Btu per hr ft deg R, density, 1bm per cu ft, and heat
capacity, Btu per lbm deg R, for the matrix material,
Fluid type, i.e., gas or liquid and, for fluid r, .,
two-phase %luid or wet gas. .
Compressibility factor and gas constant, ft 1bf per

1bm deg R, for a gas or vapor.

Molecular weight, lbm per lbm-mole, for the gas and vapor
components of a wel gas, .

Saturation temperature, deg R, and latent heat of
vaporiiation, Btu per 1bm, corresponding teo the inlet.
pressure for a two-phase fluid,

Critical pressure, psf, atmospheric pressuré, psf, and

acceleration of gravity, ft per hr2, for a two-phase

fluid. .

Tabulated values of pressure, psf, and latent heat of
vaporization, Btu per lbm, as a function of saturation
temperature, deg R, for the vapor component of a wet gas,
Tabulated values of specific heat. Btu per tbm deg R,
viscosity, lbm per hr ft, thermal conductivity, Btu

per hr ft deg R, and, for a liquid, density, lbm per cu
ft, as a function of temperature, deg R, for a single-
phase gas or liquid, both vepor and liquid phases of a
two-phase fluid, or both gas and vapor components of a

wet gas.
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The normal output of a typical case concludes printing the

input data with the items in category 3-- time-related input data.

" The items consist of:

1.
2.

initial conditions, i.e., start-up or steady-state.
Heat exchanger mctal temperature for the start-up
initial condition, deg R, '

Humber of time‘Periods into which the transient
investigation is divided.

Length, hr, nominal number of time increments, and
indicator of the option used to determine the size of
the time increment for each time period, The meaning
of the indicators appears below their specification.
Mass flow rate, lbm per hr, as a function of time, hr,
either as an analytical expression or as tabulated
values, for both fluids,

Inlet temperature, deg R, as a function of time, hr,
either as an analytical expression or as tabulated’
values, for both fluids except possibly fluid r when
it is always two-phase .at inlet,

Absolute humidity at inlet as a function of time, hr,
either as an analytical expression or as tabulated
values, for fluid r when it is a wet gas,

Vapor quality at intet as a function of time, hr,
either as an analytical expression or.as tabulated
values, for fluid r when it is a two-phase fluid except

possibly when it is always single-phase at inlet,

The results of the calculations appear next in the normal

output for a typical case, beginning with the items in category 4--

general results of the calculations. The general results consist of:

1.

2.

Identification number and name (in parentheses) of the
matrix associated with each side of the heat exchanger,
Hydraulic radius, ft, plate spacing,.ft, fin.spacing,

ft, and fin thickness, ft, of the associated matrix for

each side of the heat exchanger,
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Void volume, cu ft, and total heat-transfer area, sq ft,

of the associated matrix for each side of the heat
exchangerQ .

Core volume, cu ft, and core weight (dry}, 1bm, of
the over-all heat exchanger,

Heat capacity of the core structure, Btu per deg R,
ana heat capacity of the sidewall in contact with

each fluid, Btu per deg R.

The normal output of a typical case concludes with the items

in category G-~ time dependent results of the calculations. These

items, which appear for each value of & at which calculations are

performed, consist of:

i,

Mass flow rate, lbm per hr, inlet temperature, deg R,
and outlet temperature, deg R; for fluids s and r of
the heat exchanger,

Vapor quality at inlet and outlet for fluid r if it s
a two-phase fluid.

Absolute humidity at inlet and cutlet for fluid r if it

is a wet gas,

Pressure drop, psf, inlet pressure, psf, and outlet
pressure, psf, for each side of the héat exchanger.
Average value of Reynolds number (except for fluid r if

it is two phase), heat-transfer coefficient, Btu per hr
sq ft deg R, and heat-transfer surface efficiency.
Effectiveness (&€ ) and average total conductance (UA),
Btu per hr deg R, of the heat exchanger where,

6 = |T0LL‘£ “Tfnl e X

\ I.rin,v" Tfn,s{ |

e —

UA (QO hA)a,_ve ’I' (nohA)&ve V5 :
Pew point, deg R, of fluid r if it is a wet gas,

Total heat-transfer rate, Btu per hr, and approximate
per cent error of the heat balance if the steady-state

initial conditions are being considered,

in addition to the above items, a statement may appear indicating

that extrapolation of the specified F and j cata for the matrix associzied

.
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with sides s and/or r° was necessary to perform the calculations.

Error Messages and Additional Output

in addition to the normal output, various messages may

appear in the output of a case.. These messages indicate that

difficulty has been encountered during execution of the case. The
messages are considered below in the order of their appearance in
the program, _ _
1. ONE OF THE MATRICES SPECIFIED IN THE INPUT IS NOT
CONTAINED DN'THE MATRIX-DATA TAPE
This message is printed in Subroutine KEDMAT; the meaning
of the‘message is clear. There are two possible reasons for Iits
appearance: _ 7
a, A matrix identification number has been in-
correctly entered in the input data.
b. Data for a particular matrix has been mistakenly
assumed to be present on the tape.
in either situation, execution of the case is immediately halted and
the entire run is terminated. 7
tf the first reason above is responsible for the message,
the case must simply be resubmitted with the correct matrix identifica-
tion number. On the other hand,.if the second reason is résponsible |
for.the message, the matrix-data tape must be altered by the addition
of data for the matrix in question before fhe case can be executed
successfully. The addition of data to the matrix-data tape is dis-
cussed on pages 147 through 163 of Reference 2.
2. THE TRANSIENT ANALYSIS AT TIME THETA = X.XXXXX+XX
HAS NOT CONVERGED AFTER XX ITERATIONS. THE RESULTS
OF THE FINAL ITERATION, INCLUD{ING TEMPERATURE {AND
VAPOR QUALITY) DISTRIBUTIONS, ARE GIVEN-BELOW -
This message is printed in Subroutine CNTRLL if a parallel-
flow or a counterfiow heat exchanger is being considered, or in
Subroutine KROSS if a crossflow heat exchanger is being considered.

The message indicates that the iteration procedure to determine the
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Ztewpmratura xand vapor quality) d;strlbuttons in the heat exchanger has
not converged within the allowable tolerance of 0.1 per cent of the tem-
perature range {calculated as Tmay~ Tmin at g = 0) in the heat exchanger
{0,002 for X\9l- ) after maximum number of iterations.. Also the mes-
sage indicates that the temperature {and vapor quality) distributions of
the final iteration are printed in addition to the normal results which.
would be printed if the final iteration had been convergent. The dis-
“tributions are printed for both fluids and consist of the distribution
‘éfrihé previcus value of & " the estimated distribution at the current
value of & for the final iteration, the calculated distribution at the
current value of & for the final iteration, and the corresponding devia-
tions between the two sets of values at the current value of & . The
distribution itself, consists of stations at the inlet and exit of each
incremental section of the passage-- the inlet of a section coinciding
with the exit of the preceding section when there is a preceding section.
| -Again, there are two possible reasons for the appearance of the
message: ‘
' . a. The iteration precedure does not converge at a sﬁfficient
rate for the case under consideration,
b, The iteration procedure either oscillates or diverges fdr
the case under consideration. ' ’
An examination of the distributions following the error message should in-
dicate which reason is applicable, |

The maximum number of iterations has been set at a sufficiently
large value so that even slowly converging cases should meet the allowable
tolerance. In those exceptional cases where the allowable tolerance is
not met, the estimated and calculated distributions should still be quite
near agreement. It must then be decided if, under the circumstances, the
resulting maximum deviation is an allowable tolerance so that the results
accompanying the distributions may be accepted.

In general, a slow rate of convergence can be expected when the
fluid in one passage tends to very closely approach the meximum or mini-
mum temperature in the system. Decreasing the size of such heat exchangers

“will increase the rate of convergence without introducing a comparable

error in the outlet temperatures, Hence, an alternative is available to
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accepting the accompanying results when a very slow rate of convergence
causes the above error message to appear.

The iteration procedure can oscillate in cases involving a

condensing fluid, due to the relatively strong effect of the temparature

{and quality) distributions on the heat-transfer coefficient. Decreas~

ing the size of the spatial increments should alleviate this problem in
most cases. |

The above error message is allowed to appear a total of five
times in a given case.

If the situation causing it occurs more than
five times, the caleculations for the case are terminated.
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MISCELLANEOUS OPERATIONAL IHNFORMATION

_ AProgram KRONOS occypies'approximate!y L5, 000 core Iﬁcationé.
Thus, with an average monitor system storage of 12,000 locations, the
total storage requirement is comfortably within the core capacity 6f
64,000 locations.

0f the approximately L6 ,000 locations occupied by the
program, storage of the arrays containing values for each increment
or station of the heat exchanger requires 23,020 locations. For
counterflow and parallel-flow arrangements, these afrays are one - Or
two-d imensional, depending upon whether the quantity pertains to one
or both sides of the heat exchanger, and allow a maximum of 1001} |
stations in the calculations. Occupying the same storage locations,
the corresponding arrays for multipass-crossflow arrangements are two-
and three-dimensional, respectively, again depending upon whether the
quantity pertains to one or both sides of the heat exchanger. The
sizes of the dimensions associated with the number of increments or
stations are variable. They are chosen on the following basis: (a)
the maximum number of stations in the x . and Y directions are in
the ratio of the number of increments in the x and ¥ directions
obtained from the input data, (b) the arrays fill, as nearly as
possible, the 1001 locations for station values or the 1000 locations
for increment values.

The execution time of Program KRONGCS depends primarily on
the number of times & to be examined in the analysié, the number of
spatial increments, and number of iteratibns required for the con-

E vergence of the calculation procedure at each time. However, the
execution times given below for the three sample cases discussed in

the following section of this report are probably typical of most

cases which will be encountered. The sample single-phase counterflow
case using 10 spatial increments required approximately 20 seconds for
. execution to obtain results at 27 values of & . The wet-gas crossflow

case using a total of 100 spatial increments (10 in the % direction



-8@nd 107in the ¥ dircction) required approximately 5 minutes, 2L seconds

for results at 31 values of & . The two-phase crossflow case involving
the use of a total of 100 spatial increments {10 in the X direction and
10 in the y direction) regquired approximately 23 minutes, L1 seconds

to yield results at 31 values of & . |

As was mentioned previously, part of the input data required

'fby Program KRONOS is supplied by means of a magnetic tape called the

C-matrix-data tape. . At the start of each run, this tape must be mounted

" 'on the appropriate tape drive corresponding to the internal system

logical-unit number 9. This tape-unit number has been given the
Fortran~Variable name LTAPE and is5 assigned the value of 9 in Subroutine

KEDMAT. At the conclusion of a run, the matrix-data tape should be

‘removed and saved. The instructions necessary for mounting and

saving the tape must be supplied to the computer operator upon sub-

mitting the run.
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DESCRIPTION OF SAMPLE CASES

in this section, three sazple cases involving the calculation

of the transient thermal performance of plate-fin heat exchangers are dis-
cussed to illustrate the use of Progrem KRONOS. The three configurations
considered are a counterflow single-phase exchanger, a two-pass crossflow
wet-gas exchanger, and & two-pass crossflow Freon condenser. The pro~
cedures and decisions involved in preparing the input data are described,
and completed data-input sheets and resulting computer output data are
also presented.

-All three cases have several aspects in common. The heat ex-
changers considered are all constructed of aluminum throughout (“&Md:
= 100 Btu per hr ft deg R, o, ., = 168 ibm per cu ft, and Cp, . = 0.213
Btu per lbm deg R). in addition, the internal dimensions of the heat-
transfer matrices in each exchanger correspond to those used in obtaining
the experimental f and § data given on the matrix-data tape for each matrix,
Therefore, the value of the hydraulic radius stored on the tape is used
for esch matrix; that is, there is no scaling-of the dimensions of any of
the matrices. Also, the valuss of the ngmber of spatial increments used
in each case are those set internally in the program ( Nx =10 fo? counter-
flow and FJX.F = 5,}4NP = 10 for crossflow). Fiﬁally, the initial con-
ditions in each case correspond to & steady-state situation from which
a "step change' in the inlet conditions of the fluid on one side of the
'exchanger occurs. The step change in each variable is approximated by
a steep ramp; the time interval over which the change occurs is approxf-
mately the same order of magnitude as the dwell time of the fluid involved

in each case.

Example 1 - Countertiow 51-aie-Fhase Eazhanger

Froblem Statement

This case involves an exchanger in which a liguid stream (60
per cent ethylene glyccl, designated as the s fluid) is being used to
heat a gas stream (nygen; designated as the r fiuid). The pertinent
specificalions tur wulh aides of the eschanger are givea in Teole I aiong

with the core dimensions,
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The situation to be investigated is as.folidws. The heat ex-
changer is operating'at steady-state when a decrease in the inlet temper-
ature of the glycol strecam (s fluid) from the initial value of 145 deg F
to a final value of 100 deg F occurs over a time interval of 0.0l br, The
problem is to compute the transient performance over a total time interval

of 0.3 hr resulting from this change in operating conditions.

Preparation of Input Data

The completed data~input sheets are shown on pages 36. through 37-
These contain all of the data (except those stored on the matrix-data tape)
necessary to solve the problem described above. Some of the input data have
been indicated previously; the remainder arise from the following consider-
ations: _ )
' 1. The total time interval to be investigated is divided into
two time periods, each 0.15 hr in length. The first period
(0.0 £ & < 0.15) is subdivided into 15 increments to give
a nominal time-step size of 0.01 hr; the second (6.15< 8 < 0.306}
is subdivided into § increments giving arnominal value of
NG = 0.03 hr. The nominal value of &8 is to be used in
the calculations for each period provided it falls between
the minimum and maximum values calculated internally.
2. The parting-plate thickness is 0.001667 ft (0.020 in} and
the thickness of the side walls is 0.0083% ft (0.10 in).
3. The fluid-property data for glycol and o#ygen are given in
Tabtes 108 and 77 of Reference 3. -

Results of Analysis

The printed COméuter output data for this case are given on
pages 38 through 70 . The input data specified to the program are
printed on the first five pages. These are followed by twenty-eight pages
of output containing the results of the calculations. The pertinent

"results are also given in Figure 1, which shows the transient variation

of the inlet and outlet temperatures of both fluids. 1t will be noted
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that the curve on Figure 1 for 7;,9;4f- versus & rises slightly in the
interval from &=0 to about &= 0.06, although'this is thermodynamically
impossible. Since the dwell time of this fluid is around 0.06 hr (in
general, a relatively large value), the curve should be horizontal in this
regibn and equal to the value at & =0. This minor discrepancy of less
than 6ne degree is due to the inaccuracy of the finite-difference proced-.

" ure at values of time less than the dwell time noted in Appendix 1V of
Volume 1. This serves to illustrate tHe order of magnitude involved

and points up the fact that the inaccuracies are generally negligible.
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NORTHERN RESEARCH AWRD ENGINEERING CORPORATION

DATA INPUT SHEET

ENGINEER:  MP PROJECT! Analysis of HX Transients PROJECT NCv 11358
" YITLE: Sample to illustrate the Use of Program KRONOS SHEET: 1 GF 2
LOCATION
e bl 1
L cr wiefis icho galas tois soiny eeler  eplen  BAA ohjod esjey T2

F i
SAMPLE TRANSIENT ANALYSIS OF A CCUNTERFLOW SINGLE-PHASE EXCHANGER

L i A N J ] J
SNAM3

i i . 4 ) ; e 1
NFLO=3, NXIN=10, RHUNIT=1,  [C=h.169E8,
: 1 3 ] L 1 I}
ELX=0.333, [ELY=0.5, ELNF=0.586, _

L 1 3 - A : L i) J
PP=0.001667, DENSMP=168, LPMP=0.213,

] b J -y L I}
S\1=0.00834, SV T=0.00834 ,DENSMW=168, EPMW=0.213,
. L | L 1 : 1 1
PINS=50L0, HMCORES=3007,RHINS=0,

ki I 4. J. L b
$PLS=0.001857, COMDMS=100, DENSMS=168, LPMS=0.213,

i 1 A i 4 H
1COMPS=2, WNTFPS=7, ]

1 A e 1 X k
TFPs (1)=504,520,540,560,580,600,620,

1 J 1 L A X
cPxs(1)=.7168,.7337,.7499,.7653,.7799,.7937,.8067,

i 4 L L 4
visxs (1)=23.21,14.32,9.0997,7.212,5.0446,4. 347, 3. 120,

" ] 1 i J A i
THKXS(1)=.2252;.22&6,.2231,.2220,.2211,.2206,.2192,

! 1 3 1 I 1
Roxs(I)=67.86;67.46,66.39,66.54,66.09,65.76,65.00,

1 )y 3 A . N 1
PINR=778, INCORER=2503,RHINR=0,

' 1 . L y) Y L
§PLR=0.001667, CONDMR=100, DENSMR=168, LPMR=0.213, ‘

L L ey | A 1
KPHR=1,

i L 1 1 Ny 1
1COMPR=1, I[ZR=1, GASKR=U48.2, NTFPR=3,

3 )N L A 1 1
TEPR(1)=404,600,300,
CPXR(1)=.2H83,.2210,.2279,
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NOARTHERN RESEARCH AND ENGINEERING CORPORATION

DATA INPUT "SHEET

ENGINEER: MP proJcTs Analysis of HX Transients ppoJECT NG 11358
T TITLEs Sample to Illustrate the Use of Program KRONOS SHEET: 2 CfF 2
LOCATION

1 Al
4 &7 1213 lc?@ g4120 ol roie¥ &5148 4a149 54100 S0 | eS0T T
V!SXRKI)=.03938,,95382,.06681:' , ; 1
THEXR(1)=.0167,.01702,1 02191,
| X L ) 1 A 1
L=
'”\C 21’ 1 1 ! 4 1 3
NPER=2, THPER (1)=.15, .15, _ NoTH(1)=T5,5 mHE (1)=1,1,

i 1 } L [ 1 ] ;
IMS=2, NMS=1, THWS (1)=0, Wsx(1)=32,

L b o £ z s
ETS=2‘, bTS;‘B;‘ ' y ' . L '
THTs(l):o,.ﬁi,s, 1 ;

1 X b A
TtNsx(1)=6o¥.7;559.7,55p.7,

! 1 3 A A i
|MR=2, NMR=1 THwR(1)=0, RX(1)=114,

1 i A N
| TR=2, NTR=1, THTR(1)=0, [[INRX(1)=504H}7,

1 N i Y L
SEND 1 1 X ]

i { i . A i

L 1 1 L 1 ]

i l 1 A A, i A

S i ! L i i !

) 1 A J A i

i H A il A i

1 '’ 1 ’l 'y 1

A . Y A A e

e, o A ol ’y
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- 6 ¢ _PROGRAM_KRONOS = MREDICTION OF THERMAL TRANSIENTS_ IH COMPACY HEAT EXCHANGENS %0
CTTTITTTTTT T T S AMPLE T TRANSIENT ANALYSIS OF A COUNTERFLOW SKINGLE-PHASE EXCHANGER -

____een GENERAL INPUT DATA =es

THE FL.OW ARRANGEMENT 1S COUNTERFLOW

TTTTTT T T T U NUMBER OF CALCULATION INCREMENTS =10 R
T "PROPORTIONALITY FACTOR FOR MYDRAULIC RADIUS = 1.00000:00 T mmmmm
PROPORTIONALITY CONSTANT = 4,16900208
~ o __m CORE DIMENSIONS % . o . .
" LEMGTH IN X DIRECTION = 3.33000-01
LENGTH IN Y DIRECTION = 9000000-0%1
NONFLOW LENGTH = 5.86000-01
4 PARTING-PLATE SPECIFICATIONS *
- THICKNESS OF THE PLATE = 1.66700-03 B
DENSITY OF THE METAL = 1.68000+02
MEAT CAPACITY OF THE METAL = 2.13000-01 o
L & SIDE=wALL SPECIFICATIONS # . o
WALL THICKMESS PARALLEL TO THE PARTING PLATES = 8,34000-03
T T TUWALL THICKLESS MOHMAL TO THE PARTING PLATES = 8.34000-03 T T s T
~ DENSITY CcF THE METAL = 1.68000+02
HEAT CAPACITY OF THE METAL =7  2.13000-0%
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- v FLUID INPGY GATA sws ™ ' e
& FLUID S #x%
IF.‘KE.TWPRESSUR-E' = 9.040004¢03 ~ 7T U7 Tt/
ﬁl"HEmFEUID—F'EOI’:'S"IN”THE'_;X_‘DIRECTION'“"
" T - ¥ SPECIFICATIONS OF THE ASSOCIATED MATRIX » T o TrmEmn o em e '"""_'
.. __MAYRIX IOENTIFICATION HUYBER = 3007 _ R |

- wm - THE_VALUE OF HYDRAULIC RADIUS OBTAINED FROM THE MATRIX-DATA TAPE IS USED IN THE CALCULATIONS

_SPLITTER-PLATE THICKNESS = 1,66700-03
METAL THERMAL COTIDUCTIVITY = 1.60000%02
——— . _METAL DENSITY = 1.68005+02 e 1t
METAL HEAT CAPACITY = 2,13000-01 _ T

* FLUID PROPERTIES % i
e THE FLUID IS A LI1GUID R e
; - THERMAL™ - S

TENPERATURZ _ SPECIFIC HEAT___ VISCOSITY _  CONDUCTIVITY  DENSITY L
o 5,00000402 __ 7.16800-01 2,32100+01 2,25200-~01 6,78600+01
TTTTTTTTTTTTTS,20000402. T T 7.33700-01 1,43260+01 2,24600=01 6.74600401
5,40600+02 7.49900-01 9,99700400 2.23160-01 6.69900+U1

5 BUBn0+027 T 7.85300-01" TV 21200400 T T T2.22000-01 T4, 65400+01 " - ———1F

5.80000402  7,79500~01 5.44600400 2,21100-01 6.60900+01
6.00000+02 "TT7,93700-01 T 8,34700+00 2.20600-01 6.57600+01
- — 6.20000+02  8.00700-01 = 3.82000400 _  2,19200~01 6:50006+01

e —— e r———— e ——



I
4o
” . _ =% FLUID R &%
INLET PRESSURE = T,78000¢02
e — THE_,B:!-_’_IF’..F,L_OI*F'SJN_,ATE*?_?&_DIREF_T_EQN. e " — - -
& SPECIFICATIONS OF THE ASSCCIATED HMATRIX % )
s e T T MATRIX IDENTIFICATION NUMBER & 2503 e e e e T ST T
“THE YALUE OF HYDRAULIC RADIUS OBTAIKNED FROM THE MATRIX-DATA TAPE IS USEOD IN THE CALCULATIONS
SPLITIER-PLUATE THICKNESS = { 66T00=03
i METAL THERMAL COHOUCTIVITY 3 1,00000402 R o
: METAL DENSITY =  1.68000+02
METAL MEAT_CAPACITY = _ 2,13000-0% ___ _ L
_ x FLUID PROPERTIES ¥
TRE FLUID 1S & GAS
o COMPRESSIGILITY FACTOR =  1,00000+00
GAS_CONSTANT = L,8200040% . _ _ _
- THERMAL ™™
-TEMPERATURE SPECIFIC HEAT VISCOSITY CONDUCTIVITY
| 4,00000+02 _ __2.18300-01 3,93800-02 _  1.16700~02
6.,00000+02 2,21000-01 5,38200-02 1,70200-02 T T -
o 8.00000+02 2,27900701 - 6.68100-02 _2,19100=02
- _ _ e e e =




] B o

T i ——wEE T [MESRELATED  INPUT DATA woe T

THE INITIAL CONDITIONS CORAESPOUD TO THE STEADRY STATE.

T : THE TRANSIENT TRVESTIGATION IS DIVIDED INTO 2 TIME PERI0DE T
 NOMINAL i
v'lt:;.___\—- - T T PoTwes e smteemSm e e e T I NU?H‘BER OF —‘---
e  TIME PERIOD _____LENGTH  INCREMENTS OPTION .. .1 ... e
- L 1 1,50000=01 15 1
- _ 2 £.50000404 TS Ty
- NOTE = OPTION 0 INDICATES THE SIZE OF THE TIME INCREMENT o

TTCORKESPONDS TO THE NOMINAL NUMBER OF IHCREMENTS

OPTION I INDICATES THE SIZE OF THE TIME IHCREMENT
CORRESPONDS TO THE nOMINAL NUMBER OF INCREMENTSe BUT

STSSTTTTSTIITIIT S T IS BOUNDED BY CALCULATED MAXIMUM AND MINIMUM VALUES T -
S TUTTStTTU T TORTION 2 INDICATES YHE SIZE OF THE TIME INCREMENT T
CORRESPONDS TO THE AVERAGE OF THE CALCULATED MAXIMUM
AND HMINIMUM TVALUES' ST T
- _e® FLVID S »= - S
TIME MASS FLOW RATE
9,00000_ 3120000401 _
TINE INLET TEMPERATURE
: 0,00000 ' ' 6,04700+02
T me T e e LG0000=02 T T T T TS, 59700+ 02 T m e s s
e i Se00TODFCS .._De5F700202




l{'z —_ i ——— - — - - - —— v - ——— e —— R —— - —— e - - ——
- — TTeE FLUID R ew o
T T e T TMASS FLOW RATE T O
0.00060" i 1k000v02
T T T e Ty g T T T T INGETY TEMPERATURE i o
0,00000 - 5. 04700%02




sad QUTPUT OF THE TRANSIENT ATJALJ’EES Ty . -
s GENERAL OUTPUT DATA #¢

TRIN H BSERTTTE007T { TTRIANGULAR: LRAT =717~ o T e - ¥ ON THE S 5102
TRIX NUKBER 2503 [ WAVYs AF/A 2 0900 o } ON THE R SIC%
. e S SIDE N R SYOE e
HYDRAULTIC RADIUS 2THOOT=03 T T 1 ¥1751-03"
_ PLATE SPACING e _...__2.08200-02  3.44000-02 B .
- FIN SPACING 6©.95000~03 4,63000=~03
e FIN THICKNESS: _.5.00000-08% _ - 5.00000=04 e
VOID VOLUME 3,21181=02  5.04528-02
TOTAL hEAT-TRANSFER AREA 1.27088+01 2.79079401
— - 'CORE "VOLUNME "*"”""“‘"‘"““‘""“9.&5690-02'’““““”‘""‘“""’”‘"”““""'““w
CORE WEXIGHT (DRY} 262176300
HEAT CAPACITY OF CORE STRUCTURE So58434=01 -
HEAT CAPACITY OF SIDE WALL
- - TTTTUTUIN CONTACT WITH FLULID S 9.90595=02 T T T T T
. HEAT CAPACITY OF SIDE WALL
T T TINTCONTACT WITH FLUID R’ T le38722-04 - ; T -
A




At L‘I_{, -
) o %# QUTPUT OATA FOR TIME THETA = 0,00600 e
; CCINITIAL CONDITIONS) . e e
s SI0E R Sibt
. __MASS FLOW RATE . . ' 3.2000040% - 1.1&000%02
INLET TEMPERATURE 6008700402 _ 5,04700%02_ _
| CUTLET TEMPERATURE 5.19151+02 5.,88576%02
7T TPRESSURE DROP T e T g 230503 Ty, 397120 T T
__________ INLET PRESSURE . e 5408000903 7.78000%02 . )
QUTLET PRESSURE 5.03999+03 7.77260%02

AVERAGE RETIOLDCS FUMBER

§,69056=01

1,037i4%02

o AVERAGE HEAT=TRANSFZR COEFFICIENT . 4155414401 n 6,62328t00 L
AVERASE HEAT=TRANSFZR SURFACE EFFICIENCY "9,54335-01 97784401
EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE_S_WAS
NECESSARY TO OBTAIN THE ABOVE RESULTS

 EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIOE R WAS _
NECESSARY [0 OSTAIM THE ABOVE RESULTS

T T T T T T T EFRECTIVERESS I - VY- =T 5 —

e __AVERAGE TOTAL CONDUCTANCE (UA) _  _ 1.33025¢02 S
TOTAL HEAT TRANSFER RATE ' 2.10170+03
PERCENT ERRUR IN HEAT BALANCE W, 35609-01




b ki 2 e b e A L et et o e ek ok s i e £

i i L i e e TRt b it ] e e ek B

. e e e e e e i T
hs

et e Do g e—

o 2 OUTPUY DATA FOR TIME THETA = 766763903 i e e

s srpr R SIOE

T ST TTYASS FLOW RATE T T T ' 3720000401

1, 14000402

TTTINLEY TEMPERATURE T TG TneSue02 5,04700402
OUTLET TEXPERATURE 5:19438402  5.80055%02
PRESSURE DROP s 5.26823-03 7.39570-01
T INLET PRESSURE o - 5.04000¢03 7 7.78000%02
L _OUTLET PRESSURE L 5.03999%03  T.T7200%02
AVERAGE REYNOLUS NUMBER " §.42802-01 1.,03834402

AVERAGE HEAT=TRANSFER COEFFICIENY =7~ 777" T4,173814010 7 T T 6.61885400
 AVERAGE HEAT=TRANSFER SURFACE EFFICIENCY . 9,54082~01 ______9.,77859"01

TEXTRAPOLATION OF THE FRICTION FACYOR AND COLBURN MODULUS DATA FOR SIDE 5 HAS
NECESSARY TQ CATAIN THE ABOVE RESULTS

TTTTTT T TTUTEXTRAPGLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS T T
. NECESSARY_TO OSTAIN THE ABOVE RESVLYS - . ) o
3 _ __EFFECTIVERESS , . 1.07720400
AVERAGE TOTAL CONDUCTANCE (UA) “1,33159+02 . - - T



b6 -
] §60UTPOT OATA FOR YINE THETA S 1533605202 %% T
SSsg R SiOb

T T MAGS FLOW RATE T T e g 0000401 T T T T 4 16000%02 T T
TTTTTTTUTTOINLET TEMPERATURE T T 7T T 5.56700+02 77 B,08700t02 T
OUTLET TEMPERATURE : $019660402 5,72513%52
____ PRESSURE DHOP S 52531403 739490701 o
INLEY PRESSURE G 04000403 7.78000+02
___OUTLET PRESSURC L 5.03999403 _ PJrTRELYO02

AVERAGE REYNOLOS HUMBER ' 4,22098-01 1.03983+02

AVERAGE REAT~TRANSEER CLCEFFICIENT i, 1994501 6.61343%G0
AVERAGE HEAT-TRANSFER SURFACE EFFICIENCY __ 95587201 _ __ __Q.7IBTGTOL -

TTEXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS
NECESSARY TO OJTAIN THE AHOVE RESULTS

TTEXTRAPGLATION OF THE FRICTION FACTOR AN COLBURN MODULUS DATAFOR SIDE R WAS™
. NECESSARY T0_QoTAIN THE ABOVE RESULTS '

O O e 55, P AR e e £ g X T 2 W T g G g T gy 40 M 3 0 T Tt 1 8 arn D e e O T e ) A RS

EFFECTIVENESS 1.23297+00

T T T T T T T T T T AVERAGE TOTAL CONDUCTANGE (UAY T T Ta 33245402
+



- o e .
) & GUTPUY UATA FORTTIME THETA E™ 2:00499-02 =% - - --
5 210t R_SIDE

3,20000+01 - Ti.14000%02

TTTINLET TEMPERATURE T T o TS 8g700402 T 5.04700402
- __OUTLET TEMFERATURE 5019842+02 5068208702
- PRESSURE DROP 5. 24934~03 7.39398-01
T T TNLET PRESSURE - T TR OL0G04 03 - 7.78000%02
__ OUTLET PRESSURC N L .B.03999+03 7.77261%tp2 -~
AVERAGE REYHOLUS HUMBER 4,09997-01 1.04127402 L
e A VERAGE HEATSTRANSFER COEFFICIENT — ~ 77 7777 77 4,20291401 = T 6.60826%00 T
. _AVERAGE HEAT-TRAMSFER SURFACE EFFICIENCY . 9,53836-01 _ C9,77693=0L
"""" T TEXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA-FOR SIDE § WADS
NECESSARY 10O OBTAIN THE ABOVE RESULTS :
TTTTTTTTTUTTEXTRAPQUATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS T
_ _ NECESSARY TO OuTAIN THWE ABOVE RESULTS . . e
B L EFFECTIVERESS 1.15669+00
' T AVERAGE TOTAL CONDUCTANCE (UMD 1433197402 et T T




48 L

T *_ *5_bﬁTéUTfﬁﬁfK“?5§"TYEE_fHE?K"§”*§f67423102_§ﬁ - T
S SIDE R _S1DE

T TTUMASS FLOW RATET T T T T T 320000401 T, 14000402 T T

"TINLET TEMPERATURE

CUTLET TEMPERATURE

"5.,59700¢02

5.19995+02

—————

PRESSURE DROP

TTTINLET
___OUTLET PRESSURE

PRESSURE

AVERAGE REYNOLUS NUMBER

5.26763-03

5.00000+03
5,03999403

J3.99916~01

AVERAGE HEAT=TIVANSFER COEFFICIENT

AVERAGE HEAT=TRANSFER SURFACE EFFICIENCY

NECESSARY TO DoTAIN THE AHOVE RESULTS

4, 50338401
Fa35031-01

"'5,04700402

5.65060%02

7.39002701

T 7.7800D%02

T.77261%02
1.0u272+02
6.60311%00
9.77910701

T EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS

RECESSARY TO OuTALN THE_ ABOVE RESULTS

EXTRAPOUATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS

- EFFLCTIVENESS ) ) o 1eD9TH5400 e
AVERAGE TOTAL COHOQULTANCE {UA) 1.33125+402
'L .



: ho
- : FEGUTPUT DATA FOR TIME THETA = 3, 34388-02 »* —
S SIDE R SIDE
T WASS FLOW RATE ™ - 3,2000 g+0L T UL 16000%02 T T
ST TTTUNLET TEMPERATURE - ) T g 59700¢02  5.04700%02
QUTLEY TEMPERATUKE 5,20120+02 S.€2765%02 -

___PRESSURE DROP ' . © 5,31500-03 - 7.36187-01
e NLET PRESSURET T T o e B 04000403 7T 7,78000402
_ QUTLET PRESSURE 5.03999+403___ __ To77262+02

AVERAGE REYHOLDS HUMBER ' 3,91247=01 1.04412402
AVERAGE HEAT=TRANSFER COEFFICIENT ~~— 7~ G o0hO840L T T T 6.59814%00°
_AVERAGE HﬁﬂT"TﬁéﬁsfﬁR.SQRfﬁQEuﬁﬁF!FIENQ?A__""_;__J21§3§!§:?1”m4”_"-,mﬂ?a???zﬁfQﬁ_“_.

T T T e e TR APOLATION OF THE FRICTION FACTOR ANC COLBURN MODULUS DATA FOR SIDE S WAS
NECESSARY TO OoTAIN THE ABOVE RESULTS

S e e A POLATLON OF THE FRICTION FACTGR AND COLBURN MODULUS DATA EOR SIDE R waS 77777
HECESSARY TO O3TAIN THE ABOVE RESULTS L e o -
. . EFFLCTIVENESS : 1.05573+00
AVERAGS TOTAL CONDUCTANCE (UAY 77 1.33066+02 T T T




50 e e N _
B 5% GUTPUT DATA FOR TIME TRETA £  4,01377-02 =%
S SIDE R S1Dt

TTTTTTTTRASS FLOW RATET

T 3o20000401 7T T 1.10000%027 -
TTTTTTTUUINLET TEMPERATURE T T 5;597oo+02““"“"*"'“5°ou7oo+02"””””""‘“““"
OUTLET TEMPERATURE S.20211+02 5.61027%62
___~_ PRESSURE DHOP ~ 5.39322-035 _ Fl.36983-01
IMLET PRESSURE Tt 5.04000+03 7.78000%02
OUTLET PRESSURE_ 5.0299%403 __ T.772063%02
AVERAGE REYNOLOS NUMBER 3. 83579=01 __1.0u4548%02
AVERAGE HEAT-TRANSFER COEFFICIENT 4,20725101 T 6,59337400
__AVERAGE_HEAT=THANSFER SURFACE EFFICIENCY _9e53791=01 __ ___ 9.7734170L
T T T UEXTRAPCLATION op'THE“FRICTIGN”FACTOR‘ANO'COLBURM”MGQUEOS'DATA“?OR‘SIDE"S'wAS“ - o
KECESSARY TD DoTAIN THE ABOVE RESULTS
'"' EXTRAPoChTio@"bF“1HE‘FR1CT10&"FACTOR"AND'EbtéGRE'MODULUS'DA?A“FOR'S:DE"R"WAS" T
_ HECESSARY TO Q3TAIN THE ABOVE RESULTS N
L EFFECTIVENESS $.026143400
AVERAGE TOTAL conoucranca {uay "1.33014+02
- ‘_



— _ FE QUTPUT DATA FORTTIME THEYA = 406639202 4%

S SIDE

R e T T R LT EEE RE I Rt

R S1DE

SO

o e e

TTTTTTTTUMASS TFLOW RATE T T T3.20000+401

—"TTTTINLET TEMPERATURE T T B ,89700402 T T

OEIEET TEMPE@&FURE 5.20256+02

PRESSURE DROP : 5.49340=-035
TTT T INLET PRESSURE T T T T T T T T T B 00 100403

_OUTLET PRESSURE e . . 5e 03995405

AVERAGE REYROLUS NUMBER 3.76712-01

"X YL RAGE HEAT~TRANSFER COEFFICIENT wy2o988+401
”ﬁ!rﬁévEmHEATTTﬁANSFtB_§HBF8CE"EEE}91ENQX“_“______?:§§?651QA‘M_W_.""_

T TEXTRAPGLATION GF THE FRICTIGN FACTOR AND COLBURN MODULUS DATA FOR

NECESSARY TO OSTAIN THE ABOVE RESULTS

T L 140004627 T

__5+59663702

- .

5,04700%02

7.35355*01
7.76000402
7.77265%02

-

T 6.58881+00

Si1DE S WAS

1.06680102

9.77956701

TTEXTRAPOUATION OF THE FRICTLON FACTOR AND COLBURN MODULUS "DATA FOR SIDE R WAS

NECESSARY TO OsTAIN THE ABOVE RESULTS _ __

T T, iy £y . g P 4 g o I gy S Y I g 5 e T B 3 € g s S Sk

EFFECTIVENESS G,99%28-

01

- TUTAVERAGE TOTAL CONDUCTANCE (LAY . 1.32988+02 -
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: | SF OUTPUT DATA FOR TIME THETA 5 5.35430-02 =7

I S

Lo mm e s e s e e i e bdr e ¢ * o m— e e

O e

| SSTUUI AU FRPP .

o TMASS FLOw RATE T X020000+01 1.14000%02
T IRLET TEMPERATURE 7 ' SI59700402 " 5.04700¢02 -
OUTLET TEMPERATURE ' H.20243+02 5,58561+02

~* < PRESSURE DROP ’ ' S.60689~03  Te33544=01 |
T INLET PRESSURE T §.0u000403 7.78000%02 T -
 OUTLET PRESSURE_ 5,03999403 7,77266%02 B

T AVERAGE REYHOLLS NUMGER 3,70302-05  1.06806707 ’
AVERAGE REAT=THAIISFER COEFFTCTENT G 227701 6.56644+00 :
AVERAGE MEAT=TRANSFER SURFACE_EFFICIENCY 9653736701 . .. 977970701

s e e

TTEXTRAPOLATION OF THE FRICTION FACTGR AND'CoLBURN"MODULUs'DATa'FdR"SIDE”s wAS :
NECESSARY TO_QuTAIN THE ABOVE RESULTS _

T TTEXYRAPOLATION OF THE‘FRiCTfﬁm‘#htfon”hﬁb‘tbisﬁﬁﬁ”Moouius“DATA"Poﬁ"SfﬁE"ﬁ“ﬂAS’“”‘ , ' )
. NECESSARY_TO Q8TAIN THE_ABOVE_RESULTS U i

..n_eos..—unw—_.—-—_-an-gn—p_gmmm-a_—._. -

N __EFFECTIVENESS : ©.79300-01
= ' AVEHAGE TOTAL CONDUCTANCE (UA) 132927402
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fﬁ‘OUTPUT'DATA"FOR_TTME“THETA";""GIDZQU1302”h#”h“_""—__”*_““"p*“”f""_”——

S SIDE R SIDE

i evm o o o 40 o On e v T

T MASS U FLOY RATE T

3200004017

T T T OINCET CYENPERATURE
OUTLET TEMPERATURE

5.59700+02° ‘5,04700t02

5020162402

PRESSURE ORGP

5.72579-03 7.31625"01

TTTTTTY L 14000402 7

5.57651%02

et =TT TMLET PRESSURE T - 5.040004+03 T 7.78000%02
_ OUTLET PRESSURE o L 5003999403 T.T77268%02
AVERAGE REYNOLDS HUMBER ‘ X.0u491=01 - 1.048927+p2
S AVERAGE REAT=TRANSFER COEFFICIENT ™ "~ WL 24552401 77T TU6,58028%60 T T T
"m__“ﬂ_ﬁm_-ﬁﬁVEBAGE_HEATTT“AﬁSFERJSUBﬁGCE"EFF}FIE”CY,_EA_7,;_9-53?98“01A_”"_b,___9377?5*“0%“ e
e e e DOLATLON OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS h
NECESSARY TO O3TAIN THE ABOVE RESULTS
TS T T Y TR APGLATION OF THE FRICTIOH FACTOR AND COLBURN MCOULUS DATA FOR SIDE R WAS T
__NECESSARY TO OoTAIN THE ABOVE RESULTS i
e T o T gy T3 e e T WD oy R a—mwnﬂ"ﬂ-ﬁ;‘-nu“n—‘-ﬁ——Iﬂ!’nﬂ-um&m—m“—
. o EFFECTIVENESS o Beb2709-01 _ o B
AVERAGE TOTAL "COHGUCTANCE (UAY Jl.32888+02 - T -




T

gl 1 ,%
NS e e _— o ot
%% QUTPUY UATA FOR TIME THETA = 6, 6957202 &% e
— - - - - - ———- e e T C e o e -
S SIoE R _SIiDE

———— e

MASS FLOW RATE

s G o

INCEY TEMPERATURE

3.20000+01

®.59700%02°

TTUTRL.04700%02 T

i

—————

1.14000402

e 4
—— -

QUTLET TEMPERATURE 5.20009402 5. 56885402
_PRESSURE OROP 5.84420-03____ T.2968970L
INLET FPRESSURE - 504000403 7.78000%02 - o
___OUTLET PRESSURE N $5.02999¢03__ ____ FeT7270%02
AVERAGE REYNOLDS MUMBER 3,59190-0% 1.,050u2¢02
AVERAGE HEAT=TRANSFER COEFFICIENT §,21874+01 6.57634%00

AVERAGE

 HEAT=-THANSFER SURFACE_EFFICIENCY_ -

NECESSARY TO O6TAIN THE ABOVE REGULTS

95368101 _

o 9,77597"01

“EXTRAPOLATION OF THE FRICTI0H FACTOR AND COLBURN MOOULUS DATA FOR SIDE $ WAS

EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS

. NECESSARY_TO OBTAIN THE ABOVE RESULTS: ... | . *
EFFECTIVENESS 9, 48831w01 o -

AVERAGE TOTAL CONDUGTANCE (UAY

TTT1.32851402
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'

_————— —_———— —
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— - 55 OUTPUT DATA | FOR TIME  THEYA™ T BeATIS02 T EE -
5 SIDE R SIDE
— MASS FLOW RATE 7 T3.20000401 1 140004027
T TTINLET TEMPERATURE - G .50700£02 T 5.04700%02 T
QUTLET TEMPERATUHE 5019789+02 H.56229%02
PRESSURE DROP 5.958%56=-03 7.27799~01 i
© T UTINLET PRESSURE e - S.04000+03 - 7.76000%02
L QUTLET PRESSURC o .. 5003999¢03 F.T7272%¢2

AVERAGE REYROLDS MUMBER.

TB.54356-01

1.,05151+02

AVERAGE REAT-TAANSFER CGEFFICIENT GU2p067401 " T T 6457261000
) ___ AVERAGE HEAT—TRANSFER SURFACE crpxcxeuc‘r _ 9,53655=01 9,78009-0%
e T T T E X IRAPOUATION OF THE FRICTION FACTOR AND COLBURM MODULUS DATA FOR SIDE S waS T T T T T
MECESSARY TO 0OBTAIN THE ABOVE RggULTS

TTTTTEXTRAPOUATION OF THE FRICTION
NECESSARY TO_OuTAIN THE ABOVE

O b TR g T s G4 e e S W 16 g %

FACTOR AND COLBURN MODULUS DATA FOR SIDE R waS
RESULTS | .

e 4 20 e 3 s P g e s A P O 3 e Y ey ) i

_ EFFECTIVENESS G, 36089001
AVERAGE TOTAL CO 43UCTAM:E (UAY ~ 7T TTTRR3Re G602 T T T
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B T5 OUTPUT DATA FOR TIME THETA & B.03792-02 %= -
5 SIDE R_SIDE
T T UMASS FLOW RATE 520000608 T TT1i14000402° —
T UUINGET TEMRERATURE T T 5,59700+02 T 5, 04700%02 T Tt
OUTLET TEMPERATURE 5.18512402 5,55661402
PRESSURE DROP o 6.06628-03 _ 7.259%5~0t
INLEY PRESSURE . - 5.064000+03 7.78000%02
_OUTLET PRESSURE e 5,03999+403 V772402
AVERAGE REYNOLDS NUMBER %.49948-01 1.05253+02
AVERALGE HEAT-THANSFER COEFFICIENT G.22308%01 T 6.56912%00
X A_VEBAGE_,HEAT-T,HM&&EB__SURFACE__EFFICIE,NCY  8.53630-01 _9.,78020-0Y% ___ .

EXTRAPGLATION CF THE FRICTION FACTOR AND COLBU?N MODULUS . DATA FOR SIDE S HA5

NECESSARY TQ OuTAIN THE ABOVE RESULTS

EXTRAPOLATIOV OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDC R WA5

 NECESSARY T OoTAIN THE ABOVE RESULTS

s T R a2 £ 7 o 63 S0 O T st S P gy T TR O AR 5 I e im0y Y S g R O 3

I
| -

e EFFECTIVENESS. - . 85.26570~01 L
AVERAGE TOTAL COHDUGTANCE (UA) 1.52784+02




e et poemi e 8 R s et i s

e OUTPUT DATAFOR ™ TIME TRETA

- - o b e e e B R s UT— ol

Bs70329-02 ud

R_SIDE

P S

MASS FLOVW RATE
—TTTINLEY TEMPERATURE
QUTLET _TE,:-'.PERP«T URE

e b T 1 = e et = e

e —— A b SRR

4720000401 T 7T 1L 14000402

5.064700%02°
5.55163702

g 59700402
5039190402

e

PRESSURE DROP
ST AL ET PRESSURE S
__QUTLET PRESSURE

AVERAGE REVHOLDS MNUMBER
AVERAGE MEAT-TRANSFER COEFFIC

TEXTRAPOLATION OF THE FRICTIONM
NECESSARY TO OQWTAIN THE ABOVE

AVERAGE HEAT=TRANSFER SURFACE EFFICIENCY

o 601669903
T T T TR T g B 0004 03
__5q0§999+03____ﬁi_

T.2u298~0l
T TRO0DYG2
T T7276%02

3.456932-01 3,053U9%02
— 4, 2253640107 7T T T6,56587400
. 9e53607-01 __ S.78031701

1497

“EACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS
RESULTS

TR TRAPOLATION OF THE FRICTION
NECESSARY TO OuTAIN THE AEOVE

- e W by T

TEACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS )
CRESULTS

o e - — A -

| EFFECTIVENRESS

0,17546~01

AVEHAGE”ToTnL‘cououcrﬁﬂca"(uﬁ}“';_’“‘12327$u+02 T - -
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T T T T T MASS FLOW RATETTT T : 3.2000040L L AL 000402

CTTTTTTTTTINLET TEMPERATURE T ‘ TEL59700+02 T s, 0a700%02 0 T T T
QUTLET TEMPERATURE © 8.16B4D402 5.54728%¢2 L
PRESSURE DHCP . 6.26030-03  TF.22718-0%y . _

TR OINLET PRESSURE L T T T 5.0L0D0+03 T.78000%02

e OUTLET PRESSURE R o L 5.03999¢03 . T.TT2YTYC2 __ _ .
AVERAGE _REYNOLUS KUMBER : ' 3:4228101 ___1.05438+02
AVERAGE HENT=TRANSEFER COEFFICIENT o 227uT+0l E.56285%00

_____ ___ AVERAGE HEAT=TRANSFER SURFACE EFFICITNCY .. 9.4%3586-0% Q. 780%i~pL_

NECESSARY TQ OgTAIN THE ABOVE RESULTS

TTEXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS

____NECESSARY TO_OuTAIN THE ABOVE RESULTS

TUEXTRAPOLATION OF THE FRICTION FACTOR AMD COLBURN MODULUS DATA FOR SIDE R WAS

. EFFECTIVENESS  9,09593=01 . e
AVERAGE TOTAL CONDUCTANCE (UA) 132726402




- S oUTPUT UATA FOR TIME THETA = 1: DLbGLw0L e T T T T e T T
— S SIDE R _SIDE
TGS FLOW RATET T T 3120000408 T TTi.16000%02 T T T
— INCET TEMPERATURE - R UG .59700402 5.04700%02 . -
e OUTLEY TEMPERATURE 5c18386402  5o.58295%02 .
_ PRESSURE DROP 6.35152-03 7.21037-01 )
TTTTTOTTTTTUINLET PRESSURE T T T T §,.040004032 T.70000%02
_OUTLET PRESSUKc L 5.03999+03 T TT273402 R

AVERAGE REYHOLOS MNUMBER

33844101

RVERAGE HEAT-THANSFER COEFFICIENT

43230658401

1.05533%02

TTTTTTT6,55966%00

NECESSARY TO Q3TAIN THE ABOVE RESULTS -

___AVERAGE HEAT-TRANSFER SURFACE EFFICIENCY

—EXTRAPOLATIOW OF THE ERICT10N FACTOR AMD COLBURN MODULUS DATA FOR SIDE § WAS

9-55554=01 . 9.78051701

___NECESSARY T0 OJTAIN THE ABOVE RESULYS

TEXTRAPOLATIGH ©F THE FRIETIGH FACTOR AMD "COLBURN MOOULUS DATA FOR SIDE R wAS T

) EFFECTIVENESS . 9.01721=01 SO U S
TAVERAGE TOTAL CONDUCTANCE (UA)™ T 777 Le32703:02 7777
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- “‘ w8 QUTPUT DATA FOR TIME THETA T 1c80971-0] ax T o= s oo s s
S SIDE RoStt
—— HASS FLOW RATE 3.20000401 delnogiega T T
—————YAUET TEMPERATURE — 5.59700408 7 T TS 00755003

OUTLET TEMPERATURE

5.17784+02

e——

PRESSURE DROP

6G.45154=-03

TTINLET PRESSURE _
OUTLET PRESSURE .

TSy04000403
5;03999#03“_m_~

AVERAGE REYNOLUS NUMBER

J.20086-01

AVERAGE HEAT=THANSFER COEFFICIERNT

2366401

S95n2L0R

Tl9106-01

CTGVTREGLOYGD
TN TF200%02

1.05G061¢02

655501460

L S TS

ey~ e o et

AVERAGE HEAT=TRANSFER SURFACE EFFICIENCY _9.78063

— ,9:5351379}“«ﬁ - =01

T EXTRAPOLATION OF THE FRICTIOM FACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS v e
NECESSARY Y0 OuTAIN THE ABOVE RESULTS

T T T TTERTRAPOLATI0H TGF THE FRICTTON FACTOR “AKD COLBURN MODULUS DATA FOR SIDE R wad ™~ 77 77

o _ NECESSARY TO OpTAIM THE ABOVE_RESULTS. e —

o EFFECTIVENESS __BW931TB-0y
AVERAGE TOTAL CONDUCTANCE (UAY 132681402
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- . '“14"0UTPUT"DATA”FOH"TIME‘THETA‘="ﬂI220971401“¢¢'“”

S SIDE_ R SIDE

TTTTTTTTHASS FLOW RATE ' T “3}20000501"“'“f_“”"1,1u000402

FRLET TERPERATURE ™™~ - e e e pen2 T 5.08700%02 T
OUTLET TEMPERATURE ' 5017200402 5.53383402
PRESSURE DROP ' K T 6.55751=03  T.17298-01 o
w———m—oINLET PRESSURE T 504000403 77 T 7.75000%02
o _OUTLET PRESSURE | 5,03999403 ___ 7.77283%02 o
AVERAGE REYHOLDS HUMBER : ' T, 30G74=01 1.05745+02 }

T A VERAGE HEAT=TRANSFER COEFFICIENT 7 5 237254017 7655253400
AVERAGE HEAT-THANSFER SURFACE EFFICIENCY _  9.53486=01  9.7807370%

T “EXTRAPOLATION OF THE FRICTION FACTOR AND ‘COLBURN MODULUS DATA FOR SIDE $ WAS
NECESSARY TO OTAIN THE ABOVE RESULTS : X

Y TRAPOUATION GF THE FRICT10fi FACTOR AND  COLBURN MODULUS DATA FOR SYDE R WAS™ ~~~ — 7
_ - NECESSARY TO QdTAINM THE ASOVE RESULTS '

D g o 1 1 R R T i ¥y R s Y Gt g 49 R g 253 s 17 e . 4R 2 VI g e 00 s S g T

EFFECTIVENESS BoB5155~01

TAVERAGE TOTAL CONDUCTANCE (UAY 77 "L.326504027 ) Tt T e
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=% QUTPUT DATA EOR 1IME THETA = {1o30971i~01 =%
S SIDE R _SIDE

e 3 4 O o

— MASS FLGW RATE 3.20000401 T 1.14000%22
: INLET TEMPERATURE & “5.59700+02 s 04700%02
OQUTLEY TEMPERATURE 5.16675+02 5.52997+02
___ PRESSURE DRGP ) o . 6.65600-08  7.15706~01 o
) INLET PRESSURE o TR 0E000+03 7.,78000%02
o OUTLET PRESSURE e ﬁ 5,03999403__ T 771284+02 o
AVERAGE. RETNOLDS HUASER 5. 26597=01 . 1.05837+02
AVEGAGE HMEAT-TRANSFER COEFFICIENT §,23518+0% 6,54906400

_ 9. 7808401 __

__ AVERAGE  HEAT~TRANSFER SURFACE EFFICIENCYm_,UH“;__&sﬁﬁqé1“01."ﬁﬂ-__

T e X TRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS 0ATA FOR SIDE S WAS )
NECESSARY TO OSBTAIN THE ABOVE RESULTS
T EXTRAPOLATION OF THE FRICTION FAcTon“hnb”totéﬁn&"MGDULUS‘DATA FOR SIDE R WAS
- _.EE§ESSﬁRX_TOWQBT5IN“THE_ABOVEAREsULTS e e _
. EFFECTIVEMNESS, _ 8o7B129-0Y
AVERAGE TOTAL "CONDUGTANCE (UAY ™ 1.32620+02
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— -— e e e et e T ek e P - - a—— S T e [
- SE OUTPUT DATA FORTTIHE TTHEYA S 10 40971=0 "éw ——  — 77—~ 7T
S _SIOE R S10E
E— MASS FLOW RATE 3.20060+017 7 i.fugo0to2 T T T
INLET TEMPERATURE - TTTTTRLB9700+02 T T 5.04700%02 -
OUTLET TEMPERATUKE 5.,16206+402 §.52662%02 -
PRESSURE DROP 67435403 7.14309=01
T TUUINLET PRESSURE T T $,040006403% 7777 F.Te000vp2 0 T T
L QUTLET PRESSURE o _ 5:03999+403 T.TT7285%02

AVERAGE REYHOLDS NUMBER

______

3.23587-01 1,05918%02

AVEHAGE REAT-TRANSFER COEFFICIENT

AVERAGE HEAT-TRANSFER SURFACE EFFICIENCY

26081400
__.9e83&50-01

TT6. 54673400
- 8,78035701

EXTRAPGUATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE S WAS
NECESSARY_TO OoTAIN THE ABOVE RESULTS
EXTRAPOUATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS
NECESSARY TO OGTAIN THE ADOVE RESULTS e
. EFFECTIVENESS : . 8.72031-01
AVERAGE TOTAL CONDUCTANCE (UAY T~ 1.325%2402 B




™ T 5% GUTPUT UATA FOR TIVME THETA £  1.50971-01 =@
S, SIDE R_SIDE -
‘“ﬂw”ﬁ_“—“~MASS"FLOﬂ‘RATEH-h 3;20000@01““_———' _i;1%00Q¢UZA“___——me_*ﬂ”mf
TeTTTTTTTTINLET TEMPERATURE T T T mrem e em e so700402 TS 08700%02 T
QUTLET TEMPERATURE 5415791402 5,52370%02
____ PRESSURE DROP . 6.B2113-03 7.13066%01 .
INLET FRESSURE ' : 5,04000403 7.760600%02
__QUTLET PRESSURE - L B.03999w03  TeTT28TVO2. .

3.20970-01 _1.05988402
. 4.24217201 . G SLG35400
.. 95343601 _ L 9.78101701

AVERAGE REYNOLUS HUMBER

AVERAGE HEAT=TRANSFER COEFFICIENT

o _ AVERAGE HEAT~TRANSFER SURFACE EFFICIENCY e
T T EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SypDE § wasS T T T
NECESSARY TO OSTAIN THE ABOVE RESULTS
T T TEXTRAPOLATION OF THE FRICTION FACTOR AND COUBURN MODULUS DATA FOR SIDE R WAS i
e NECESSARY_TQ OSTAIN THE ABCVE _RESULTS. . e e :
B EFFECTIVENESS . BebOTZG=O01 o )
AVEKAGE TOTAL CORNDUCTANCE (UA) 1.32568402



" ﬂ#“OUTPUT"DATA“FOR—TIME_THETNP=M"I$76092-01_$¢”¢

e b b g——

S5 5IDE

R SIDE

€9 oD LS a0

MASS FLOW RATE

3,20000401°

T TIHLET TEMPERATURE,
OUTLET TEMNPES RATURE

5,16852¢02

5.59700+02

7 v ez 09 A

5.91671%02

gL,04700%02

TR L 18000%027 T

PRESSURE OROP

T IHLET PRESSURE T
QUTLET PRESSURE

AVERAGE REYHOLOS NUHMBER

6.92676-03

T8,06000403 T
.. 80389903

3.15694-01

AVERAGE hHEAT=TRANSFER COEFFTICIENT
__AVERAGE 1} HEAT=TRANSFER SURFACE EFFTCIENCT

G 25085¥01

““““““‘"EXTRAPOLATION”CF”THE’FRicrloﬁ‘FACToR"AND“COEBURn”MoUULus“DATA FOR SIDE'S WAS T

T.10588=01

T Fl78000%02 7
TLT77289%02

1.06126%02

65386900

9.53346-01 _ 9.7811670%

NECESSARY TO O3TAIN THE ABOVE REGULTS
i .
- EXTRAPOL;TIQM'o?”THg"FRiC1Ioﬁ‘FAFTOR“ENﬁ"toLBURN'HODULUS"DATA FOR SIDE R WAS - -
_ NECESSARY TO O3TAIN YHE ABOVE RESULYS . e :
B EFFECTIVENRESS _B.HT650-01
AVERAGE TOTAL CONDUTTANGE (UA) ™ 1.325664+02 -
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% QUIPUT DATA FOR TIME THETA = 2 052 79=-0) &t

S_SIDE R _SIDE

TTTUMASS FLOW RATETT T 20000401 7T L.iudobtg2
TTTTTTTTTINLET TEMPERATURE T ~TT5L,59700402  5.0u4700¢02

OUTLET TEMPERATVURE 5.14139+02 S.51413%62

PRESSURE DROP o _ 740682703 __T1.08568-01
T INLET PRESSURE o 5.04000403 7.78000%02
o __OUTLET PRESSURE o | 5.03999+03  _ _ T.77291%q2

AVERAGE REYNOLDS NUMBER 3.11427~01 1.06266%02
— AVERAGE HEAT~TRANSFER COEFFICIENT G, 25250401 _ 6.,53575400

__AVERAGE HEAT-TRANSFER SURFACE EFFICIENGY _ . ___ _9s93330-0 __ .  9.78129703. _ .

—T T UEXTRAPOLATION OF THE FRICTION FACTOR AND COUBURN MODULUS DATA FOR SIDE S WAS
) NECESSARY TO OBTAIN THE ABOVE RESULTS : :

a "EiTRAPOEATioﬁ'OF"?HE"Fthdeﬁ_ﬁACfoﬁ"Ahd“éﬁfﬁﬂhﬁ'Mdnuhus‘6KTE"F0R_516€"R‘QE5_"—
. NECESSARY TO_OBTAIN THE ABOVE RESULTS — — -
B o EFFECTIVEMESS _ BeH9333-01 o L
’ AVEHAGE TOTAL CON"UCTANCE ToaY T 1.izs2lec2
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"‘ e e e QUTPUT DATR EOR TTIME THETA =T 2.33279-04 ¢85 T T
S SIOE . R SioE

MASS FLOW RATE 3.20000401 1.14000%02

“““““ INLET TEMPERATURE ~ 7 A 5.59700402 T  5.08700%02 —
OUTLET TEMPERATURE 5:13585+02 5,51053%02
PRESSURE DROP . o To18317-03 7.06980~01
T TTTUINLET PRESSURE T ' 5,06000463 77T Fo7B000%02
. OUTLET PRESSURE _ ~ 5003999¢03 . T.77293%02 —-

_AVERAGE REYNOLDS NUMBER , 3,08108-01 106339402
AVERAGE HERT=THANSFER COEFFICIENT TG, 25389401 TE.53265%00
AVERAGE HEAT=TRANSFER SURFACE EFFICIENCY _9.53317=01 __ _9.76159701

“EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE'S WAS =
NECESSARY TO O8TAIN THE ABOVE RESULTS :

T TEXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R Was
NECESSARY TO O4TAIN THE ABOVE RESULTS

T L P . s s Yy 5 o2 A £ g TRy B ey S ek iy £ ok 7 R 1 € OB 3 6 A e ] g O B

EFFECTIVENESS - B.42785-01

o o AVERAGE TOTAL COMDUCTANCE "(UAY 7 77 A 32080+02 7 T
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B e oufﬁﬁf"ﬁﬁ?ﬂ“?ﬁﬁ”fiEETTHE?E’E’“E?€357§261 s
§ SIDE R SIDE

TUTTTTTUTMASS FLOW RATE 5.20000401 T L.i4000%027
T INLET TEMPERATURE .69700402 g ou700*0e T T
______ﬂ.__QHEEEI.IE&?EB&IHBE 5.13202402 5,50608%02

_PRESSURE CROP ‘ 7.27095-03 7405908701 ., _
Tt UINLET PRESSURE ) - 5¢04000+03 7.78000%02

OUTLET PRESSURE 5.03999403_____ CTLTTRGHY02. .

AVERAGE REYHOLOS HUMBER

et i et =

3.05907«01

AVERAGE MEAT=TRANSFER TCOEFFICIENT

it

_AVERAGE HEAT=TRAMSFER SURFACE EFFICIENCY

4, 85594401

95331701 __

5.,06399%02

T6.53065%00

9,78145-01

TEXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN HMODULUS DATA FOR SIDE S WAS
MECESSARY TO_OGYAIN THE ABOVE RESULTS

NECESSARY,_TO_OoTAIN THE ABOVE RESULTS

TEXTRAPOLATION GF THE FRICTION FACTOR AND COLBURN MODULUS DAY

A FOR SIDE R WAS

_ EFFECTIVENESS B.e5420-01 -
AVERAGE TOTAL CONDUCTANCE (UAY 132457402
L]



L e 6
| e T ETOUTRUY DATATFOR TIME TTHETATE 2. 93279501 ek -

ssme __ RSIOE

e £ 5 W T lpwaamﬂ'

) B MASS TFLOW RATE 3.,20000401 1714000%02

~ T T TIRCEY TEMPERATURE _ TR 5700402 T S.04700%02 T
hhe o OUTLET TEMPERATURE 5012931402 5,50619+02

. . PRESSURE DROP  T.33308~03 7.05105=01 L
- TTTUTTTTUINLET PRESSURE T “§,00000403 7 77T 7.76000402 -
LT, BUTLEY PRESSURE | 50393903 Tevvasstoz

_ AVERAGE REYNOLDS NUMBER - 30428501 1.06849402
e ERAGE HEAT=TRANSFER COEFFICTENT N TETheE01 T T 6.520024007 T T
- AVERAGE HEAT=TRANSFER SURFACE EFFICIENCY  9.53312-0L 9. 78150701

———— EXTRAPOLATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE § WAS
HECESSARY TO CGSTAIN THE ABOVE RESULTS

"'*'"'EXTRAPOLATIQN OF THE FRICTION FACTOR AND COLBURN HODULUS ‘DATA FOR SIDE R wWAS 7
hEC:SSARY 10 O8TAIN THE ABOVE RESULTS

43 T s 55 e W e T o T ey R o W P e 4 B e O (D R 0T S o b S o O

! ‘ EFFECTIVENESS B.50337=01

ST AVEHAGE TOTAL CONQUCTANCE (UAY 7 132436402
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. w5 OUTPUT OATA FORTINE THETA &  3.23279-01 ox
S SIDE R SIDE
T UMASS FLOW RATE o e e et g a0 0040L T g 1ug00402 0 T T
T UINLEY TEMPERATURE - T T G . 59700402 "“”“”'5,0u700+025 o T
OUTLET TEMPERATURE 5.12745402 5,50500%02
' ___ PRESSURE DROP ) _ s 7, 37T704=03 - 7.,04585-01
LTI INLET PRESSURE - 5,040004+03 T.78000%02
QUTLET PRESSURE ) L - 5,03999+03 - T.i7295%02 o

AVERAGE REYNDLDS NUMBER

30324501

TTTAVERAGE HEAT-TRANSFER COEFFICIENT

__AVERAGE HTAT=TRAMSFER SURFACE EFFICIENCY_

4,2542440%

__9.53514=01

1.06476%02

6.52811%00

TTEXTRAPOLATION OF THE FRICTION FACTOGR AND "COLBURN MODULUS DATA FOR SIDE S WAS

HECESSARY TO O5TAIN THE ABOVE RESULTS

Q76153701

_NECESSARY TO OBTAIN THE ABOVE_RESULTS

TEXTRAPOUATION OF THE FRICTION FACTOR AND COLBURN MODULUS DATA FOR SIDE R WAS

EFFECTIVENESS. . _ Be53721=0%

AVEKAGE TOTAL CONDUCTANCE (UA)

1,3342140? o
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Example 2 - Crossflow Wet-Gas Exchanger

Problem Statement

This case involves an exchanger in which a humid airstream
(desjgnated as the r fluid) is being cooled and dehumidified by a dry
airstream (designated as the s fluid). The peftinent specifications
for both sides of the exchanger are given in Table Il along with the
core dimensions.

The situation to be considered is the following: whilé the
heat exchanger is operating at steady state, the flow rate and inlet
temperature and humidity of the humid airstream increases over a time
interval of I(JbLl hr from the initial to the final values given in Table
- }1. The problem is to determine the transient performance over a total

time interval of 0.004%5 hr resulting from these changes.

Preparation of Input Data

The completed data~input sheets are shown on pages 73
through 7% . These contain all the necessary data except those stored
on the matrix-data tape. Some of the input dats have already been in-
dicated; the remainder arise from the following considerations:
' 1. The total time interval to be investigéted is divided into

two time periods, the first & x IO—h hr in length and the

"3 or. The first period (0.0Z@ < 5 x 10"“) _
is SUblelded into § increments to glve a nominal time-step

size of 10 b hr; the second {5 x 10” -<5}< L.5 x 10 3) is

second 4 x 10

subdivided into 20 increments giving a nominal value of
AE =2x 10" hr. The nominal value of A8 s to
be used in the calculations for each period provided it
falls within the calculated minimum and maximum values,
2. The parting-plate thickness is 0.001667 ft (0.020 in) and
" the thickness of the side walls is 0.00834 ft (0.10 in).
3. The fluid property-data for the dry air and the vapor
component (water) are given in Tables 7; 91, and 92 of

Reference 3.
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Resulis of Analysis

_ fhe prin{ea computer output data for this case are given on

pages 75 through112. The input data specified to the program are printed
on the first six pages. These are followed by thirty-two pages of ocutput
~containing the results of the calculations. The pertinent results are

also given in Figure 2, which shows the transient variation of the inlet
~ and outlet temperatures of both fluids and the intet and outlet humidity
;".@f-the humid airstream (r fluid). ‘

Y



CTITLE:

NOSTHERMN RESCARCH AND ZNGINEERING CORPORATION

DATA INPUT SHEET

(!3

PROJECT Analysis of HX Transients PRdJﬁCT NGy 11358

R

enciveer: _ MP
Sample to |1llustrate the Use of Program KRONOS SHEETgmLQ}' 2
LOCATION
]
€T iz sc}(e fe]26 251! lsy  coiss  e6les  b4IEE eolel esle? T2
SAMPLE TRANSIENT RNALYSIS OF L CROSSFLO IET-GAS EXCHANGER 1

A : L Y
$NAH3] ’ J . P ;
NFLE=1, NPC=2, NXPPIN=5, JNYPIN=10,

) £ 1 L 1 i L
RHUMIT=1, |GC=L.169E8, i

1 1 ) - )] A y) h
ELX=1, ELY=.75, ELNF=, 886,

- k 1 1 o, I !
PP=.001667, DENSMP=168, {CPMP=,213,
; i d H 1 )] A
SWL=.00834, | SWT=.9083M, DENSMY=168, CPHW=.213, .

i d
PINS=4240, INCORES=LO13 RHINS=0, ' A .

iy 1 A
SPL5=.001667%, CONDHS=100, | DENSMS=160, CPMS=, 213, B

L i 1 L]
1COMPS=1, |2S=1, GASKS=53.3, {NTFPS=2,

] L o A 4
TFPS(1)=b00]600, c9xs(1)=.zh<2,.2498, v1sxsg|)=.05521,.qh8:8,
THKXS (1}=.01153,.01662,

i 1 j| d - 4 i
PIMR=2120, [NCORER=3002]RHINR=0, _

I X i H Fi )i
SPLR=.001667, CONDMR=100, [DENSHR=168, [CPHMR=,213,

1 1 3 A 4. . z L
KPHR=3,

1] i " 4 ] A
2G=1, CASXG=53.3, |EMWG=28.96, {NTFPG=2,

i | ! X ) i
TFee (1)=h00 | 600, cpxc(l)=.24cz,.24q8, vlsxcg1)=.03521,.q4818,

i 1
THKXG (1)=.01153,.01662, :

L ' 1 i i A
V=1, GASKV=85.9, [EMWV=18.02, [NTSAT=5,  NTFPV=3,

i L n ' A, ;Y

.7,555.7,57%.7,

A TSATX(I)=503.7,513.7,535



L |
NORTHERN RESEARCH AWD ENGINEERING CORPORATION

DATA INPUT SHEET

ENGINEER: MP PROJECT Analysis of HX Transients ppaofCT NG 11358
Cy(TLE: S@mple to i1lustrate the Use of Program KRONOS SHEE Tt 2' OF..?_.,,
LOCATION

|
) 314 £2 13 IG}"J 4185 EQ BE{ET QE |45 449 64|85 £03e S |ET 72'
PSATX (1)=25.69,36.97,73.12,136.9,24+. 2,
A i1 L ! A 1
HFGSTX (1)=1{066,1060,1049,1037,1026,
2 1 ! L N A ]
TFPV (1)=500,550,600, CPXV(1)=.36]5,.3983,.h351,' ,
. 1 1 . 1 ! I
VISKY (1)=.02346,.02550,/.02791, THKXV (1)2.00p368,.01048,1 01175,
1 e | T ] i ) 1 '
INC=2, _ 1
1 I L e J, ]
NPER=2, THPER {(1)=0.0005,0.004, NDTH(1)=5, 20} ITHC (1)=1,1;
; 1 1 J L : )i A
JMS=2, NMS=1, THWS (1)=0, WSX(1)=5280,
] 1 -J 1 ] L
1T5=2, NTS=1, THTS (1)=0, [FINSX{1)=509.7,
5 _ A ] J Y 1
IMR=2, NMR=3, THWR (1)=0,1.0E-4,25. 0E~4,
1 | 1 L I 1
WRX (1)=1854,11908,1908,
] i I A, A 1
ITR=2, NTR=3, THTR (1)=0,1.0E~-4,25.0E-4,
i I 1 1 A A
TINRX (1}=559.7,574.7,574:.7,
A 1 1 1 X
10M=2, NOM=3, THOM(1)=0,1.0E~4,25.0E-4,
H I L — A i
OMX (1)=.03,.[06,.08,
i i . i A 1 1
SEND . _
| A L . . A Y
] 1 1 A A 1
1 1 L_ 1 d, L
1 L L i L 1
1 A 1 I ) 1
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‘!l.___RR‘OGRAH. KRONOS =, PREDICTION OF. THERMAL TRANSIENTS.IN COMPACT _HEAT _EXCHANGERS ¢0. .

SANPLE TRANSIENT AMALYSIS OF A CROSSFLOW WET-GAS EXCHANGER

2k GEMERAL _INRUT DATA taX

THE FLOW ARRANGEMEMT IS MULTIPASS CROSSFLOW

IMBER_OF'CALCULATIOH_IHCRiMENTS_PER_PASS IN X_DIRECTION = 5
WMBER OF CALCULATION IHCREMENIS PER PASS I ¥ DIREZCTION

NUMBER OF PASSES = 2

10

"

PROPORTIONALITY FACTOR FOR HYDRAULIC RADIUS = 1,00000+00/

S
__PROPORTIONALITY CONSTANT. =

1 o_l_('l.(i@‘mju_a

. % CORE DIMENSIONS. =

LENGTH _I N_K..-_D IRECTION = ___1,00000+00

LENGTH IM Y DIRECTION =  7.50000-01 -
_NONFLOW LENGTH. = B.96000-01

_ % PARTING-PLATE SPECIFICATIONS *

_THICKNESS OF_ THE PLATE 1.66700-03

T T1.68000402
2.13000-01

DENSITY OF THE METAL
___HEAT CAPACITY OF THE METAL

i

__* SIDE-WALL SPECIFICATIONS = _

___WALL THICKNESS PARALLEL TO THE PARTING PLATES
WALL THICKHESS HOMMAL TO THE PARTING PLATES
DENSIYY 3F_ THE METAL

 8.345000-03
 8.34000-03
1.68000402

!I“ll i

HEAT CAPACITY oOF THE METAL 2.13000 =01
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i e e e — — e

oo T - - ##’0‘ FLUID INPUT DATA— ::.1:;-"._—”—_-“_—“ e s T

e RS ELUID S 2 - e

mimri s S e S SRS RE B © BL2000%03 -

oo —iE FLUTD FuoWs IR THE &Y DIRECTION T ‘
T T T CPECIFICATIONS OF THE ASSOCIATED MATRI® & T

————n MATRIX_ IDEmIFJ;cATmN HUMBER = 4013

__THE _VALUE OF HYDRAULIC RALIUS DBTﬁIHED FROM_ THE MATRIX“DATA TAPF _IS_USED_ IN _THE. CALCULAYIONS _

. SPLITTER-PLATE THICKNESS

METAL THERMAL CONpUCTIVITY
e _METAL DENSITY.
METAL HEAT CAPACITY

1.66700—03 _ .
1.0000G+02
. 1,68000+02 _

I!'H [HT

% FLUID PROPERTIES & - -

L IMEFLUID IS A GAS

e e e COMPhESSIBILITY FACTOR = 1.00000+00 e
: GAS CONSTANT =  5.33000401
e e e - L . e C ... THERMAL U
TEMPERA TURE SPECIFIC HEAT VISCOSITY CONDUCTIVITY -

Ty, 000U0+02 T T2,40200=01 C TR, 82100-02 1.1S300=-02° 0 T T T T
. L 6.00000402 __ 2,40800-01 4,81800=02 1.,66200=-02

i e A i mtm o nmm s e e F—




e e oo m e ko R i R

e e el e TR P Tt -

IRy
e b o b

e T T T - ¥ FLUID R %
“ ”_-“dJNLET_EBESSUBE_E_WWZJ1399Qf&3 —

o

A A o

% SPECIFICATIONS.OF. THE ASSOCIATED. MATRIX =

MATRIA IDENTIFICATION WUMBER

THE FLUID _FLOWS IN _THE +X DIRECTION

3002

TIHE VALUE oF HYDRAUL!C HAUIUS OGTAINED FROM THE MATRIX- “OATA TAPE 1S USED ) IN THE CALCULQTIONS

T 1.,66700~03
. 1,00000+02

SVLITTﬁR-PLATE THICKNESS
METAL _THERMAL, CONDUCTIVITY .

1.68000+02
. 2,13000201

METAL DENSITY
___EEIGk,UEAI_QAPAQITt.

funuuat

% FLUID PROPERTIES #

Tt - "ﬂ-’;’a""ﬁtﬁfd”lé"A“E:'z-“:i‘"c;'hs T
T - GAS CDVPOHENT
e . COMPRESSIBILITY FACTOR = - 1,00000+00 '~ . . __
GAS COMSTANT = 5.33000+01
. MOLECULAR WEIGHT =  2,89600+01
TR T T e - T THERMAL ™ : i -
e e _. ,$T£MPERAIQRE,MV,§EEC!FIQ.bEAI__~__FISCOSIII_____§QHQQCI}VITI"_ﬂ“r_,_._____
_ w.,000LO0¥02 2,40200-01 3. 52100=02 _ 1,15300-02
6.,000U0%02 2.uw0B800=01" .  4,81800- 02 T, 6620002
T T T T Tt T T _—__V'A"PORA'CO}-!PAONENT" - e e T T T
... COMPRESSIBILITY FACTOR = 1,00000+00
GAS CONSTANT = 7 78,55000+01




_ - p
R  MOLECULAR_WEIGHT.E .. .1.60200401 B
[ B e PSS LE R LR A ea e S S e by -—-C-A:TENT. —-}IE:K:r_-.m._.__u e mm— 2 [ —_—
i BATURATION e T T LS
TEHPERATURE PRESSURE . VAPORIZATICHN
r T T FSZﬁé?66155“'—'"_é:Eéﬁﬁﬁ?diw'F“*"i:oégéﬁiﬁa
e e e __:J.,l‘:?_/UU‘PUZ e e 5,69700+01 1. 06000403 o = s o
. £.397006402 T.31200+01 1.04800403
e s e - $.55700402 ___ 1.36900+02. S 1.03700+03 e e
- 5.79700+L2 2.44200+02 1.,02600+03

T i e A R s A b —

e T TTTTTITT “HEWPERATURE TSPECTFIC HEAT TTTNISCOSITY

e s e 4 o e 1 iR

" 5.06060%03 T 3.61500701
. 5,50000%02__ e 3.9830070L_.
4,35500-01

6.,00000%02

TTT2.30606-02
____2.55060~02
2.79100-02 -

_THERMAL S
COMDUCTIVITY

- -éﬁaﬁﬁﬁfm_”_“““_' h
1004800702
1.17500-02

[ e
-
Lt —— i — ke
e m o e T e e ——mmn T T — [ —
2
- - - ——— ——— - - . ==
— - - —— —— = it e




e 79 R
T T T T e TIMECRELATED INPUT DATA %t
e et THE INITIAL COMDITIONS CORRESPOND IQAEHE;SIEADI?§IAT£ .
T e Y RANS TENT INVESTIGATION 1S DIVIDED INTO 2 TiME PERIODS
HOMINAL
- MUMBER QF -
. CTIME PERIOD_ _  LENGTH__ _INCREMENTS. . OPTION
—— 2 _ 5,00000~04 _ . ___ .5 |
.2 4, 00000-03 20 ' 1 i

_ HOTE = GPTION 0 INDICATES_THE SIZE OF THE TIME JMCREMENT

CURRESPCONDS TO THE NOMINAL NUMBER OF INCREMENTS

- GOTIoN 1T INCICATES THE SIZE OF THE TIME INCREMENT

CORRESPONDS TO _THE. NOMINAL NUMBEHR OF INCREMENTS, BUT |

IT (S BOUMDED ZY CALCULATED MAXNIMUM AND MENIMUM VALUES
o T T oeTion 2 IR TCATES TTHE €1ZET0F THE TIWE INCREMENT

N __ CORRESPONDS TO THE_AVERAGE OF THE_CALCULATED MAXIMUM B
AND MINIMUM VALUES .
¥ FLUID S %
U X | 2 . _MASS FLOW RATE : e
L 0.00000 5.28000403
e TINE L JIMLEY TEMPERATVAL o
0,.000090 5,09700402
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merees cnTmo e em s T T TR FLUID R 6% i ¢ T T TR T

S e

e T T e T S T T Y IME MAGS FLOW RATE

ST T T T g 00006 T T1.85500403

e et e e e = .l.,00000-04, .. IO 18- 1+ Y11 31 i SR e e SR
. 2.50000-03 1.,90800+03

e T T T o TINLET TEMPERATURE

TYiME
T T T T g, 00000 _ TS, 59700402
e ) . 1,00000-04 S.T700+02 : —

- _ 2.50000-03 T, TT00402

T T T T TIME INLET ABSOLUTE HUMIDITY

- o ,00060 : 3.00000-02 -
1,00000=04 600000002, . .
6.00000-02

e T 2,.50000-03




b 4T

| et A
- Z_ P A e S s L e o - - ad - Pl gi‘"“' -
. 81
~ [ in e - - i mm e ———— e - FTEEL TR ML e = e i = e et v mem, R
o et o e m—— b e e o 7 et SIS S
” T e QUTPUT DATA FOR TIME THETA = O cooon__'“kﬁf""_‘"“'”"‘”"m’“”""“”‘““““‘”‘"

.

e SINITIAL COMDITIONS).. oo

ke

"5 SIDE

P T

- g

_MASS _FLOW RATE e i ——

_-5.28000403

i IHLET TEN PERATU:H:.

_-._.“.1.85‘400*03 U —

" 5,00700402 _____5,59700%02 . . . e

5.32328+%02

T T DUTLET TEMPERATURE ) - 5. 37985402
e TRWCET HuMIOTTY po
OUTLET HUMIDITY L o

3.00000~02
1.74627702 _ -

__PRESSURE DRGP e e —
INLET PRESSURE
.. DUTLET PRESSURz _

4 ,24000+03

AVth\Gt. REYHOLUS HWU; HOER

He34B03403

. 900 L L e
2.12000%03

23527303 L R.11520%00. .

L 1.41117403

T UERAGL HEAT-THANSFER COEFFICIENT T T 5,84460401 7.78741+00
_ AVERAGE HEAT-TRANSFER SURFACE EFFICIENCY __ 94113001 . 9.909%4%70 .. ...
. ... _EFFECTIVENESS  B.eSESG-0Y
T AVERAGE TOTAL cououcranca “{uay” B.00302+02
mm e = = B THTEOR FLUTD R T T TR aBE99+ 02T L T T T
“""——“'""““"_"“‘"__"”‘TbThL"REKf"fﬁKﬂé?éé—ﬁKTﬁ A 6UB91400 o
.. PERCENT ERROR _IN HEAT BALANCE o 3.07569+00



Bz _ .. - _ S e

_max_QUTPUT. OF_.THE TRAHSTENT. ANI\LYSIS EEE e e e

e . =s GENERAL QUTPUT_DATA 3% _ e _

X WUMBER 4013 ¢ "'Lbuivé::'-:';:u"Tk'z’m'e'uﬁﬁ';_é?ﬁﬁff"}.'—éé;gfﬁ?ﬁ = 0,600 TITONTTHE S SIDE~
o NUMDBER. 3002 {__ TRIANGULARs LRAT_=.43.2 } ON THE_ R SIDE__

S i _ L .S SIDE R SIDE_

T — o T

TTTHYORAULIC RADIUS T 2.oui21-03 2.40809-03
PLATE SPACING 2.08000-02, 2,07300-02

FIN SPACING T 5,56000-03 £.,99000-03"
CFIN THIOWESS _5.00000=0% . 5,00000=04__

L voID.VoLuME . 2.7865B-01 2, 375"4-01 e
FOTAL HEAT-TRAHSFER AREA 1.33099+02 1.166430+402
- CORE VOLUME - 6. 72000-01 0
i __CORE WEIGHT (DRY) 3478331401 o
HEAT CAPACITY OF CORE SYRUCTURE 3.798654+00 - )
e HEAT CAPACITY OF SIUDE_WALL e )
IN CONTACT WITH FLUID s 5.21116~01
o __HEAT CAPACITY OF SIUE wALL e L e
IN COMTACT WITH FLUID R 5.11699=01




.

83
T T e ouféﬁf"bATA"ESé TINE THETA = 1.16500-06 &
e e . _ S SIOE. _ .. _RSIDE_ i

A - 3 e e

MASS FLOW RATE

3 N

5 2eouo+03 1.85463403

TUTIMUET TEMPERATURE
___‘______H__OUTLET, TEMPLRATURE |

£, 09700708 5.59875%02
53508606402 5,32579%02

e 8 o e

4,80564+00

IMLET HUMIQITY_ . - ' 3.03495%02
QUTLET HUMIDITY ' - T1.76205702
TPRESSURE ORCP — 4,69507400
___INLET PRESSURE | o 4,25000403__

2,12000%03 .

QUTLET PRESSURE

423530405 2:11519%03

AVERAGE RETNOLDS MUMBER
___AVERAGE HEAT-TRANSFER COEFFICIENT

1.65132%03
_7.,79036+00

5.35925403
5,84392401

T AVERAGE HEAT‘THANSPER SURFACE EFFICIENCY‘” TTo.41136-01 - 9.,90990%01 o TmT T
T EFFLCTIVENESS E.84010-01 -

i _AVERAGE_ TOTAL_CONDUCTANCE (VAL 8.,00560402 . B

N . ,__D_E,'E*_,.EQ.,IHT_EQB_E LUID R i 5,49051+02 -




i
; . %
i , e e |
. ‘ F
- - - - - —_ - - 14 - e i B ok Bt o o b G B e M L mear - [ |
o 8L ?
T T e '_7_£¢"00i50¥—bﬂfh"ﬁaém%}ﬁan¥ﬁg?d“Eumé:EBSBU:Hé"EQ"""‘”’”“‘m“__f’““"'"_"“_"
T S S .SIDE....l— ee—....R SIDE R
TTTTTTTTHMASS FLOW RATE 5.28000+403 TT1.85534403
TTTTTTTTINLET TEMPERATURE T 500706402 5.60073%062
__OUTLET TEMPERATURE | . ___.. . 5.37706402 __ ______5.32741%02 o

INLET HUMIDITY - 1

et sk i e =

30755702

QUTLETY HUMIDITY

1o 7TLHOTOZ

TPRESSURE DROP
INLET PRESSURE

QUTLET PRESSURE

§.72912400  4.80994%00
4426000403 ____2.12000463
4.23527403 2,11519403

TTAVERAGE REYHOLGS MUMBER
.. AVERAGE HEAT~TKANSFER COEFFICIEWT

SH.84425401

1.41169%03
7.79263400

5.34667+03

T AVERAGE HEAT-TRANSFER SURFACE EFFICIENCY  9441133-01 “9.90527-0%
- EFFELCTIVENESS o 5,55972=01 "
... AVERAGE TOTAL CONDUCTANCE (UA)_ . _ . 8.00536x02 — _

- ... DEW POINT FOR FLUID R | 5049441+ 02 _




i it 85 S R i ke a1 on s et i o [ PUSR S

- P - - - - A _ - {
- E;
Tt T - - s S e T T - 85 T —F-__—‘F-mﬂ:
— s s — - e |
e e e e TBUT DATA FOR TIME THETA = 4.06955-06 we B
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e e e = e e e SSTOE._ . RSIDE .

Ay e O 3 4D

2 Gt e T

THMASS FLOW RATE - . 5. 268000+03

s e = — .- e -

INLET TEMPERATURE M""’§:6§7ﬁagﬁé_—"ﬂ"”“_'

___OUTLEY, TEMPERATURE | : s : . Be5B2H0402_

INLET HUMIDITY . : -

1.90800%03

S.74700%02

&.00000%02

QUTLEY HyuMIDITY o

PRESSURE DRGP : - 5.10920400

. __INLET PRESSURE | - 4.24000403

QUTLET FRESSURE ' 4,23409403

I

U 1. 110 Ll ¢ - S

2.83936702

T5.25655v00

2.12000%03 | __

2.11470%03

“VRV£§A65"§L¥K6Lbs"EU'e?ﬁ' 5,25156403
o _.__AVERAGE HEAY=-TRANSFER CGEFFICIENT 5,80878401 _

1.43501+03

_8.,00305%00 __

AVERAGE HEAT-TRANSFER SUKFACE EFFICIENCY G 40633=01 0.90748=01 T
T T TEFFECTIVERESS T. qa7ééuo1
. L _AVEWAGE_YQTAL CONOUCTYANCE (UA) _ _ 8.20 596402 .
.. DEW POINT FOR FLUID R : 5.,70200+02 - . o
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- v = - o m mmmm—— o —— i
T T T T OUTPUT DATA FOR TIME THETA = 2.98323-03 s& . ‘
e e e e e et 4 e e i s e i it < S SIDE o . R SIDE . Lol
STTTTTTUHASS FLOW RATE ~ 5.20000+03 1.90800%03 -
TT O TTTTINCET TEMPERATURE 5.069700+02  S,74700%02 -
R OUTLET _TEMPERATURE ___ _ ____ _ o 5o5B4D6402 ___ . ___S.U67BIY02 .. el
o IKLET_HUMIDITY ' - : 6:00000=02_
QUTLET HURIGITY : . : T T e T 2.666886=02
T PRESSURE proP T o _ ‘5'.,Ifié'éiﬁ‘o"""""'_'—s';am36+0d" T T T
- JINLET PRESSURE T L. e Qo2B0004+03  ______ 2.12000%03 _ __ .
TOUTLET PRESSURE ' 423489403 : 2.110474403
T T AVERAGE REYHMOLDS HUMBER ' 5.26937405 1.03202%0%
_AVERAGE HEAT-TRANSFER COEFFICIENT L 5.80992+01 ___.__ 8,00842¥00  _ . _
AVERAGE HEAT-THANSFER SURFACE EFFICIENCY 9.40623~01 9.90746~01

‘E:'F'sfé.'c'r IVENESS 7.50716-01
. __AVERAGE TOTAL COHDUCTANCE (UA} _ __ __ B.a0737+02 _

o DEW _POINT FOR FLUID R . 5.70200+02
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' T T T G OUTPUT DATA FOR TIME THETA = 3018323-03 = T T '

S SIDE

>y O3 Ok

e o e

MASS FLOW RATYE

5.28000+403

TTINLET TEMPERATURE
QUTLET TEMPERATURE _ __

INLET HUMIDITY

5.09700+02

- De28725402

-

5.74700%02

547042702

OQUTLET HU4IDITY

T T T PRESSURE DROP
INLEY PRESSURE

QUTLEY PHESSURE

5.11819400

4.24000403_

4.23488+03

AVERAGE REYNOLOS HUWMBER
AVERAGE HEAT=-TRANSFER COEFFICIEUT

289490702

5.26561%00
2,12000%03

2.11473%03

S5.24B18+03

_5.90094%401

1. 430670y
8,00562%00

1.90800%03

60000002

RSIDE

T T T T AVERAGE KEAT<THANSEER SURFACE EFFICIEMNCY - 9.40613~01 9.90745~01 e
T T TTTEFFECTIVERLESS F.54216G-01

el AVEMAGE TOTAL COHDUCTANCE (UA) __B.208560+02 .

X . _OE POINT FOR_FLUID R 5070200402 i
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T T e T se QUTPUT DATA FOR TIME THETA

TR

e P e o b e s o

£3laesEs08

S SIDE. . e R SIDE

e o e wm T

“THMASS FLOW RATE
INLET TEMPERATURE
QUTLEY TEMPERATURE

__INLET RUMIDITY

5,26000403

5,00700402
5,56915¢02 ___ .

oo

T5.,78700%02

S.4T727T9%02 L

6000000702 .

QUTLET HUMIOITY
TTTTTTPRESSURE DROP
__INLET PRESSURE

OUTLET PRESSURC

TTTUAVERAGE REYNOLOS NUMBER

O AVERAGE HEAT=THRANSFER COEFFICIENT -
AVERAGE HEAT-THANSFER SURFACE EFFICIEMCY

. 5.90184+01

5.12174400

4.24000405. .

4.,23488+03

2,91940702

5.26911¢00
_2.12000%03
2, 11473403

5.24659403

9,40605=-01

8.00695400 e e
Q9070401

. T EFFLCTIVENESS _ 7.57161=01
o | AVERAGE TOTAL CONDUCTANCE (UA) _  ___ 8.20983:02
I _. DEW POINT FOR FLUID R__ | 5.70200+02 _—
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o P e e bl - S —

Ry S e
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T T T T ek 0 QUTPO?—BE\ FOR TIME THETA =  3.58323-03 #% o B B
S, I — S__SIDE___M____.HMR.MSIDE‘- e
— MASS FLOW RATE 5.25000+03 1,90800403

o —

P

TINLET TEMPERATURE
_ OUTLET TEMPERATURE _

TPRESSURE DROP
_INLET PRESSURE

TAVERAGE REYROLUS HUMBER

5. 74700702 T
S.47466%02

5,00700+02
5:59087+02

INLET HUMIDITY

=

6,00000702

QUTLET huMipITyY

2,93900-02

5.12493+00 s.272i0%00

QUTLET PRESSURE

§.24000¢03
4,23488403

2:12000103
211473 F03

_ AVERAGE HEAT-TRANSFER COEFFICIENT
AVERAGE HEAT-THANSFER SURFACE EFFICI&NCY

1.63238403
_ B.DOTBLIYDO___
0, 907u3"0L

5.24531403
_5.90257+01___ .
T 9.40598~01.

,,..,_.___..._....._—m.,-_--.,--h_-uu—m.._a..a--‘-w

o -

EFFECTIVELESS
_AVERAGE_TOTAL CCONDUCTANCE (UA)__

T.50507~01
__..B.21081%02

S _..DE¥ POINT FOR FLUID R 5.70200+02 _
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"¢ DUTPUT DATA FOR TIME THETA = 3.78323+03 »¢

A I e e S .S SIDE.. o RSIDE. . ... __
TTTTTTTTMASS FLOW RATE 5.28000+03 - T 1.90800%03 -

TTINLET TEMPERATURE

OUTLET TEMPERATUKE | De59232402

_INLET. HUMIDITY | e 6,00000702

5.00700402  5.74700%02
5.47643402 ... ...

4 &, i

CQUTLET HUMIDITY . o = - 2.95781-02

T PRESGURE DROP T5,12760%00
___INLET PRESSURE e B.24000403 _ ____2,12000%03
OUTLET PRESSURE 4,23487403 2,11473+03

T8 27u85%00

T AVERAGE REYNOLUS THIMBER - ’ 5.26015403 1,43226403

__AVERAGY HEAT=TRANSFER COEFFICIENT 5.90325+01 .B,008B1F0D_

T T AVERAGE HEAT-TRANMSHER SURFACE EFFICIENCY  9.46592-01 s.907e2=0y
T TEFFeCTIVENESS ] Y620 5001
e ___ AVERAGE TOTAL COIQUCTAMCE (UAY ___ ___ Be21181s02 L
o . _ bEW POINT FOR FLUID R B B 70200402 -

P b e e ———— et e A, % e —_— -
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- B - EEWBGEEG#"BK?E_FEE_QEEET3@&5{5?;"75_55355“b3 -t
R . ) o 5 SIDE. R SIDE
- TTTHASS FLOW RATE 558000405 T 1.90800903
TTTTTT UINLET TEMPERATURE ' TT5,09700+62 5.74700402
... OUTLET TEMPERATURE . ._ : : 5.50364402  __ S.UFTI8Lte2__ .. .
] L_IMLET HUNIDITY : : ' : . - 6,00000"02
OUTLET HUMIDITY = T 2.97253m02
T U PRESSURE DROP ' 5.130068400  5,27703%00
. _INLET PRESSURE . _: : . 4,26000403 _____ 2,12000%03 ____

GUTLET PRESSURLE ' U,23487+03 2,11472%03

AVERAGE REYNOLDS HUWDBER ‘ ; 524320403 1 3216703
o AVERAGE HEAT-TRANSFER COEFFICIEUT 5,90377401.___~ __8.00941%00

AVERAGE HEAT-THANSFER SURFACE EFFICIENCY . 77 g.4pss7-01 9&071}1 oy T

TUUEFFRCTIVENESS ' : TabR06G~01 T o
e _._..__._ AVERAGE TOTAL CONDUCTANCE (UA) _ . 8.21243402

_DEW _POINT_FOR FLUID R_ L 5.70200+02
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e e e e TRUT DRTAT FOR TIME THETA £ 4518353065 %% T T
e e e e e e e $ SIDE_ .. ... ..o R SIDE . ... _

T TTMASS FLOw RATET o 5.28000403 1.90800%03 N

INLET TEMPERATURE , 5.09700+02 S, 74700402
_ OUTLET TEMPERATURE _ _ . .. - __5.59483+02_____ . _5.47900%02 . .___ ...

INLET RUMIDITY ' : - —6:00000"G2.

QUTLET HUXIDETY - 20.98541~02

TPRESSURE oroOP i 5.13225400 T B.27887400 ‘
CIMLET PRESSURE : e 253000403 . 2.02000%03 . ..
QUTLET PRESSURE T B.23u87+03 2.11472+03

TTTTTTTAVERAGE REYNOLUS (IUMBER ‘ 5.24235403 1.43210%03
 AVERAGE HEAT=-TRANSFER COEFFICIENT L 5.90426+0% . ______ 8,00994%00 - . __

” AVERAGE HEAT~THANSEER SURFACE EFFICIENCY 9,405683-01 - ©,90740=01
TEFFLCTYIVENESS 7.65866-01 i
_AVEKAGE TOTAL CONQUCTANCE (UA)_ ____ 8.21298:02
o ..__ .DEW POINY FOR FLUID R o 5e70200402

Ll T —— R R R PSS M
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T N 55 OUTPUT DATA FOR TIME THETA = 4.38323-03 «*
e e et et e e - S 5IDE. . _R.SI10b_ o
) TUTiASS FLOW RATE §.28000403 ;.95§éh¥63“_"—"*"_-_‘"”
BT lialET TEMPERATURE _ '§?Eé%ﬁﬁ?ﬁ£“ & 7uro0vez
o CTUTLET TEMPERATURE e e S‘Jesaegg? S 80003%02
o CINLET WUMIDIYY _ . on 6,00000=02
OUTLET HUMIDITY - -— 2,99658"02
""""""""" PRESSURE DROP §.13421+00 5 2apuu+o0
. _INLET HRESSURE _ . 4,25000403 2.12000%03
. OUTLET PRESSURE 4, 23487403 2.11472%03
T TTAVERAGE RETHOLDS MUMSER 5 24161403 T 43203%03
" AVERAGE HUAT=TRANSFER COEFFICIENT  5.90uA8401__ _ __B,01042%G0__
AVERAGE HEAT-TKANSFER SUKFACE EFFICIENCY 9. 40579=01 9,80740701
- "TEFFECTIVENESS 7.67521~01 i
i L AVERAGE™ TOTAL COHDUCTANCE {UA} _ L B,21347402 R
e S __DEW POINT FOR FLUIO R _ —_ 5+70200+02 T
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T T " és QUTPUY DATA FOR TIME THETA = Ho Tep¥aie0s we T
- o e S SIDE .o RSIDE e
T MASS FLOw RATE T T : 5.2&3666?6’3—‘“""_ £.50800403 -
=UUINLET TEMPERATURE 7 Tg.,00700105  B,78700%02
e .. OUTLET TEMPERATURE B — L ..5,598B4402 _ .. ___5.48092%02 I,
__INLET MUMIDITY . . == £.,00000=02__ . __
OUTLET HUMIDITY ‘ - 3,00636%02
TTTTT TPRESSURE DROP ST 5.i%898:00  SB.28179400
) CINLET PRESSURE . W.2UDODYD3_ ... . .2¢12000%03 e
OUTLET PRESSURL 4o 234E6+03 2.11472403
ST T T YT AVERAGE REYHOLDS HUABER 5.24097403 1.03198%03
. AVERAGE HEAT=THKANSFIR COEFFICIENT . 5,90505401 . ___ 8,01084%0C o
AVERAGE HEAT-TRANSFER SURFACE EFFICIENCY 9. 40576-01 9,9073901
T EFFECTIVENESS " 2.68996-01
L __AVERAGE TOTAL COMDUCTANCE  (UA)_  BuBIRONOZ
... DEW POINTY FOR FLUID R 5. 70200+02 _ e .

TN e dh e e ——— B = & e —

T e it s s s —————
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Fxample 3 = Crossflow Freon Condenser

Prcoblem Statement

This case involves an exchanger in which a superheated vapor
stream (Freon 12 designated as the r fluid) is cooled and condensed by
a liguid stream (60 per cent ethylenc glycol, designated as the s fluid).
The pertinent specifications for both sides of the exchanger are givzan
in Table 111 along with the core dimensions.

The situation to be investigated is as follows: The heat
exchanger is operating at steady-state when an increase in the inlet
temperature of the glycol stream (s fluid) from the initial value of
30 deg F to a final value of 40 deg F occurs over 2 time interval of
]0—3 hr. The problem is to compute the transient perforhance of the
exchanger over a total time interval of 0.082 hr resulting from this

change in operating conditions.

Preparation of input Data

The completed data-input sheets are shown on ﬁages 11§
through 116. These contain all of the necessary data, except those
on the matrix-data tape. Some of the input data have been indicated
previously; the remainder arise from the following considerations:

1. The total time interval to be investigated is divided
into two time periods, the first 0.002 hr in length and
the second 0.08 hr. The first period (0.0€8< 0.002) is
subdivided into 8 increments to give a nomina]'fime-step
size of 0.00025 hr; the seccnd (0,002535 0.082) is alen
subdivided into 8 increments giving 2 nominal vaive of
AB = 0,01 hr. The rominal value of ‘.ﬂé’ is to be wnmac
in the calculations for each period provided it falis
within the minimum and maximum values calculated.

2. The parting-plate thickness is 0.00250 ft (0.030 in)
and the thickness of the side walls is 0.01667 ft
(0.20 in). ' '

3. The fluid property-data for freon 12 anﬂ glvcol ers given
in Tables 33, 34, 35, and 108 of Reference 3.



11k

Results of Analysis

The printed computer dutput data for fhis case are given on
pages 117 through 154 . The input data specified to the program are
printed on the first six pages. These are followed by thirty-two
pages of output containing the results of the calculations. The pertin-
ent results are also given in Figure 3, whiﬁh shows the transient varia- -
tion of the inlet and outlet temperatures of both fluids and the inlet

and outlet vapor quality of the Freon stream (r fluid).



NORTHERN RESEARCH AND ENGINEERING CORPORATION

115

DATA INPUT SHEELT
ENGINEER: MP PROJECT: Analysis of RX Transients pROUJECT NO» 1258
TiTLE: Sample to Illustrate the Use of Program KRONOS SHEETW‘lmN’ 2
LOCATION

1 &7 12)13 1Blig 24025 -1l 38 3;? 42143 ‘4540 B4180 60!i¢l (230 g 72
. SAMPLE TRANSIENT|ANALYS1S OF| A CROSSFLOW FREON,CONDE:SER .
SNAM3, . , , , .
NFLO=], NPC=2, NXPPIN=0,  [NYPIN=0, , :
RHUM|T=1, {C=h.163EE, | 1 , ,
ELX=.833, ELY=.667,  ELNF=.8, , , ,
pp=.0025 DENSMPF16E8, {PMP=.213, . | )
SWL=.0D1667,5WT=.01667, JENSwales,CDMw=.ZJé, \ J
PINS=L2L0 NCORES=3006,RHINS=D, . , :
SPLS=. 0025, CONDMS=100, DENSHS=168, CPHS=.213, \ !
1COMPS=2, NTFPS=5, L , -1 L.
TFPS{1)=480,500,520,540;, 560, , . .
CPxs(1)=.70D2,.7168,.73B7,.7499,.7653, ) ;
v1sxsg1)=h0.7l,23r21,1&;23,9.997,7.212, ; ., .
THRXS (1)=.225k%,.2252,.2p46,.2231,.2020, | L N
ROXS(1)=68.112,67.86,67.46,66.99,66.b%, . N
PINR=10436, NCORER=3004 ,RHI NR=D, | , ; ,
SPLR=, 0025, ONDMRZ100, DENSMR=168, [PMR=.213, L |
KPHR=2 , w , . L F

TSAT=519.7,HFGSAT=61. 6k, B PCR1T=85942, PATM=2117,GALC=h, 169E8,
V=1, GASKV=12.78,NTFPV=3, - ) ) ,




116 - | _
) NORTHERN RESEARCH AND ENGINEERING CORPORATION

DATA INPUT SHEET

érqsmam mp PROJECT: Analysis of KX Transionts pROJECT NOS 11358
TITLE: Sample to tllustrate the Use of Prog.ram KRONOS SHEET=_E__OF_E3;
LOCATION
) it izhs spe  zsfes 3ot majsr a2 43 agles  salss selol  esler 72

TEPV(1)=450,500,550, {CPXV(1)=.352,.3595,.3664, J .
vISXv{1)=.(2628,.029,.03102, - {THRXV (1)=.C04608, , 005289, . 005369
NTFPL=3, [TFPL{1)=480,500,520, , . w
CPXL{1)=.2186,.2227,.2237}, , ) \ .
VISXL(1)=. 7k, .691,.6501, | o | .
THEXL(1)=.04795, ,0L546 J.o0k2g5, ~  { \ ,
ROXL(1)=88.150,86.26,83.490, . | . » ,
INC=2, . ) : \ \
NPERS2, THPER(1)=0.C02,0.08, NﬁTH(¥)=8,8, ; ITHC (1)=1,1,
1MS=2, NMS=1, THWS (1)=0, MSX{1)=2760, , N
1TS=2, NTS=3, THTS (1)=0,.401,2.5, TINSX (1)=489.7,2:499.7,
{MR=2,  INMR=1, THWR{1)=0, MWRX(1)=600, " . )
ITXV=3, NTXV=1, THTxv(i)=0, TINRX (1)=53L.7, KV INX (1) =1,
SEND | \ — . ! 1
| .l I I L | L
1 A 1 1 1
L I 1 A 1 1
A L /| L L X
. 1 A L 1 .
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[
B At

ts

- T e - aMPLE TRANSIENT ANALYSIS OF A CROSSFLOW FREON CONDENSER ~— ~° = 77777 ™
_ _ . R . ®%x GENERAL INPUT DATA ¥ e e e
i o _ THE FLOW ARRANGEMENT 1S MULTIPASS cnosspLow e
o ' NUMBER OF PASSES = 2
KUMBER OF CALCULATICN IMCREV”hTS PER PASS IN X DIRECTION = 5 e
=~ - NUMBER OF CALCULATION INCREMENTS PER PASS IN Y DIRECTION = 10
e e T T DROPORTIONALI TY FACTOR FOR™HYDRAULIC RADIUS =7 1.00000%00 )
. .. _PROPORTIONALITY CONSTANTME_m_ﬁﬂ}@?ﬂgﬁgﬁﬂ_ _ _
o . o L E CORE DIPENSIONS_f__
L. LENGTH N X DIRECTION = _ 8.330006-01 i
T LENGTH IN Y DIRECTION =  6.67000«01
- - e e m e ———— _NONFLOW LENGTH = _ 8,00000-0% . ...
U o PARTING~PLATE SPECIFICATIONS = L
— THICKNESS OF THE PLATE = 2.50000-03
e o i s e e e e s RENCITY TQF THE METAL = T 1.680060402° 7 T 7T TITT T
 HEAT CAFACITY oF THE METAL = 2.13000-03
o o } ) __“_”_____tvggge—wALL SPECIFICATIONS * _

WALL THICKNESS PARALLEL To THE PARTING PLATES
e e KALL THICKNESS hOHNAL TO THE PARTING PLATES

DENSITY OF THE METAL

s e ee— e =S HEAT CAPACITY OF THE METAL

= 1.o6700-021
= T 1.66700~02
H 1.68000+402

"2.130600-01

~
——— U——




118 . ) ] N )
- - - e E FLUTD TRPUY DAYA av% T
s FLUID § =%
I —_ — il s

T T T = TINLEY PRESBURE = - &, 2‘400{1‘#03”““""’ T -
- ' i THE FLUID FLOWS TINTTHE «Y~ DIRE.'CTION -

- S e s e T TG DECIFICATIONS TOF T THE ASS0C IATEd TMATRIX = T

VATRIX IDENTIFICATION NUMBER Z__ 3006 ' e L

_ THE VALUE_OF HYDRAULIC RAOIUS OBTAINED FROM THE MATRIX-DATA TAPE 15 USED In_THE C CALCULA1IVNS L

SPLITTER-PLATE THICKMESS = 2.50000-03
T . - HMETAL THERMAL CONDUCTIVITY = 1,00000¢02 i
L METAL DENSITY = _ 1,68000+02 o - i
. - } . e e T AL HEAT CCAPACITY 2 2013000=01 7T — e —

ST T T T T T A FFEUID—F"R{}PE,RT:ES“E

THE FLUID 15 A LIQUID

W.i e mma . m mmemm o meh Am o e = o —

e T T - THERMAL' :
TEMPERATURE _ SPECIFIC HEAT __ VISCOSITY __ CONOUCTIVITY DENSITY

- 4,B0000+02 7.,00200-01 4,07100+01 2.25400-01 - 6,81200¢D01

smmr s e 5 00000462 7.16800-01 = 2,32100401  © 2,25200-01 ° 6,78600+U1
5,20000¢02 7.33700-04 1,43200+01 2,20600=01 6474600401

5 RG000402 "T7.45900=01 T T9,99700+00 T TTZ23100-01 7T TT6,699004U1 1T T T
5,60000+02 7465300=03 7.21200400  2,22000=01 6.654004U1 :
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T Y 2 RV S LT

H

.
b
E |
$ |

e e __ANLEI.EBE§§HEE“%_m-1999§§9f25 —
_ e _THE_FLUID FLOWS IN THE +X DIRECTION __ .. [
e b e e e e e meeemmw TS [ ..W-m._._.-....._',__.ﬁ....._r._,._.h_.____'_....___..__._,.,,.___.___,...._‘...__ -4'. e dam __-,_i
% SPECIFICATIONS OF THE ASSOCIATED MATRIX ¢ - f
semmms T T T T MATRIN ID;ENTIFICATION NUMBER = 3004 P e T e

“THE VALUE OF HYDRAULIC RADIUS OBTAINED FROM THE MMRIx-Dnu‘TAPE"xs'"Useo‘ IN THE CALCULATIOHS

1
|
U

e e e e g B TYTER-PLATE THICRNESS ' 2,50000=03
- : METAL THERMAL CONOUCTIVITY = 1,00000¢02 . ... e
ot "METAL DENSITY = 1.68000+02 !
] METAL HEAT CAPACITY = 2,13000-01 _ o
e o METAL HEAT BAPARAIL L SednEeto R -
'
e L A FLUIO, PROPERTIES. % _ L

R .FL_.UID IS A TWO-PHASE CGN[-JENSING”FLUID_”' o

TU8719700%02
. 6416400701

i e s e s ST e LR AT TON T TEMPERATURE
LATENT HEAT OF VAPQRIZATION

- P.,. e g m———— 4 = e AR e s Em T s ——

CRITICAL PRESSUR€ = £.59420+04
et '”'"'"’T"""W"—m“"__“*”"'ATMOSPHERIC PRESSURE = 2.11700+03“_”""
' ) = 16900+08

VAPOR PHASE

R e s U g A Ry

T ——""*_—*”"COVPRESSIBILITY FACTOR =771 00000+00"““
’ GAS CONSTANT = 1,276800+01

-— et - . mamEmmme s vk m s ey o et o - - - i————.—nn-—— - - c o = - - — “THERMAL - —— e A —— S e— e
o ) L _TFHP&RATURE SPECIFIC HEAT VESCQSITY CONDUCTIVITY

o 4,50000+02 3.52000~01 2.62850-02 §,60800-03
e o ——teo— et g QYDOD+02 T 3,59500-01 0 0 2,90000~02"" 77 5.28900-03

N ,,,__ﬁ___._m_§__§?9°_°j_02ﬁ___‘_9_6_€z°9? 01 3.10200-02 5.95900- 03

— A e —— e e #




i
i e . o S QIOUIDPRASE - ) L

m e e pCPERATURE T SPECIFIE HEAT

s e g BO000402 T T T 2.18600-01
5,00000+02 2.22700-01

e T A 000+ 02 T T T2, 27400-017 T 6, 50400701

T la8000~01

6.21000-01

THERMAL e e e

CUTSCOSITY T TEORDUCTIVITY T T TDENSITY

TR U7esEge02 8065000401
o §,56500-02  8,62600¢Yi_
TG, E9S00-02 T 8. 390004 0Y :

.
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" CONCLUSIONS AND RECOMMENDATIONS

Conclusions

A computer program (Program KRONOS) has been written in
the Fortran-V language for use with the Univac 1108 computing system.
This progrsm can be used for the prediction of the transient thermal
performance of compact heat exchangers of the plate-fin variety. in
general, the program will compute the variation of outlet conditions with
time for each fluid in a given exchanger for prescribed initial tempera-
ture distributions and time variations in inlet temperature and flow rate.
The program has been developed <uch that it can be used quite effectively
with a minimum amount of effort and experience. The results obtained in
using the program indicate that it is sufficiently general to be applied
to the solution of practical probléms involving the prediction of the

transient behavior of compact heat exchangers.

Recommendations

The finite-differencs solution procedure incorporéted into
the program is based on taking incremental steps along thé time scale
and in the physical flow plane. As described in Appendix IV of Volume |,
such a procedure can yield inaccurate results for the temperature dis-
tributions at values of time less than the fluid dwell times. For the
applications for which the program is intended (that is, for use as an

analytical tool in the investigation of the dynamic behavior of systems

containing one or more heat exchangers), the relatively minor inaccuracies

at small values of time will have no significant effect on the results
obtained. However, there may be other applications involving the transi-
ent analysis of compact heat exchangers where the dstailed temperature
distributions throughout the exchanger are required at all times, for
example, in the analysis of a given configuration to determine whether
the transient thermal stresses are within acceptable limits. |If such
applications are of interest, it is recommended that the program be
altered or @ new program written using a finite-difference scheme based

on the method of characteristics (Ref & of Uolgme 1) to compute and print

ey



156

out the'detailed'temperature distributions at 211 of the desired values

of time. :
- In the progfam as it now stands, the initial conditions which

can be considered are confined to a start-up or a steady-state situation,
In some instances it may be desirable to start the calculations from some

point in time during the transient, for example, to extend the calcula-

. tions for a particular case to yield results over a wider time interval,

If such a feature is desirable, it is recommended that the program be
altered to include an option for accepting a set of specified temperature
distributions as the initial conditions. This would involve changing the
output from the program to include a tape on which are written the dis-
tributions calculated at the last value of time considered for each case,
This tape could then be used as input in a subsequent run to extend the

solutions obtained to larger values of time.
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TABLE 1§

SPECIFIED DATA FOR_EXAMPLE 1

r Side 5 Side
Matrix HNumber# : . 2503 3007
inlet Pressure, 1bf per sq ft 778 50H0
fnitjial Steady-State o
Operating Conditicns (8 = 0 hr):
Flow Rate, lbm per hr 114 Y
Inlet Temperature, deg R ' oL, 7 604 .7
Final Steady-State
Operating Conditions (2> 0.01 hr):
Flow Rate, 1bm per hr 1A 32
~hw . inlet Temperature, deg R 50k.7 559.7

Core Dimensions:

0.333 ft

Ly =
Ly = 0.500 ft
Ln{:= 0.586 ft

" Matrix 2503 is a single-sandwich arrangement of wavy fiﬁs; matrix
3007 is a single-sandwich arrangement of triangular fins. The
- ~geometric and performance data for both are given in Reference 3.



TABLE 11

SPECIFIED DATA FOR EXAMPLE 2

Matrix Numbers

Inlet Pressure, 1bf per sq ft

Initial Steady-State

Operating Conditions (€ =0 hr):

Flow Rate, 1bm per hr
Inlet Temperature, deg R

Inlet Absolute Humidity

Final Steady-State

Operatinag Conditions (8= 1074 hr) s

Filow Rate, lbm per hr
inlet Temperature, deg R

Iniet Absolute Humidity

Core Dimensions:

Ly = 1.000 ft
Ly = 0.750 ft
Lyr =

0.896 ft

ts

r_Side

3002
2120

1854

559.7
0.03

1508
574.7
0.06

161

s Side

Lo13
4240

5280
509.7

5280
509.7

Matrix 3002 is a single-sandwich arrangement of triangutar fins; matrix
4013 is a single-sandwich arrangement of louvered triangular fins. The

geometric and performance data for both are given in Reference 3.
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TABLE 111

SPECIFIED DATA FOR EXAMPLE 3

r Side - s Side
Matrix Numbers - 3004 3006
Intet Pressure, Ibf per sq ft 10436 - h2hL0
Saturation Temperature, deg R . 519.7 . --
Initial Steady-State
Operating Conditions (& = 0 hr}:
Flow Rate, lbm per hr . 600 2760
Inlet Temperature, deg R '534.7 - 489.7
Inlet Vapor Quality . : < 1.0 Coe-
Final Steady-State N
Operating Conditions (69"40 hr):
Flow Rate, lbm per hr | 600 2760
Inlet Temperature, deg R 534.7 499.7
Inlet Vapor Quality ‘ _ 1.0 .-

Core Dimensions:

0.833 ft
0.667 ft
LNF'.: 0.800 ft

4-’5-
1l L]

Matrices 3004 and 3006 are both single-sandwich arrangements of
triangular fins. The geometric and performance data are given in
Reference 3. - :



TABLE 1V

NONDIMENSIONAL LOCAL HEAT-TRANSFER COEFFTCiENT FOR A

SIHGLE~COMPORENT CONDENSING VAPOR

% Pr, = ’P‘fg"”o
v R Re, h# Re,
0.50 10 0.50 10
0.094 i, 700 0.094 1, 600
1.0 0.16 2,100 0.33 2,000
0.28 100, 000 0.63 8,000
1. 10 100, 000
1.06 10 1.06 10
0.17 600 0.17 600
5.0 0.24 700 0.4 800
0.34 100, 009 0.63 3,500
1.20 100, 600
1.46 16 t.ko 10
0.27 300 0.38 190
10.0 0.30 400 0.50 260
0.36 100,000 0.53 Lo
1.20 100, 000
3.50 10 3.40 10
0.4} 450 0.81 180
50.0 0.54 550 c.92 300
0.46 100, 0CO 1.00 1,500
1.39 100, 000
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650

r Fluid ~ Oxygen

s Fluid - Glycol

600

550

Temperature, T, deg R

500
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TEMPERATURES FOR A SINGLE-PHASE COUNTERFLOW
U™ EYCHANAER (RESUI TS OF CUAMPLE 1)
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1.0

Vapor Guati ty, Ty

Temperature, 7-. deg R

r Fluid - Freon 12
s Fluid - Glycol

520

500

0 0.02 0. 04 0.06 0.08 0.10
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FREON COMDENSER (RESULTS OF EXAMPLE 3)




NOMENCLATURE

Description
Heat-transfer area

Minimum free flow area

Ratio of fin to total heat-transfer
area : )

Heat~transfer area per unit.area in
the flow plane for a matrix

Heat-transfer area of side wall
parallel to parting plates

Heat-transfer area of side wall
normal to parting plates

Parting-plate thickness
Splitter-plate thickness

Plate thickness of side wall
parallel to parting plates

Plate thickness of side wall

"normal to parting plates

Plate spacing (distance between

“adj acent plates) for a matrix

Total heat capacity of exchanger
core structure

Heat capacity of side wall in
contact with one fluid

Specific heat

Fanning friction factor
Mass velocity (w/A, )
Acceleration due to gravity

Proportionality constant in
Newton's Law (h.|69x108)

Enthaipy per unit mass

Heat~transfer coefficient

tatent heat (heat of vaporization)
Colburn modultus

Thermal conductivity

169

sq ft

sq ft
ft

ft

ft

ft

ft
Btu per deg R

Btu per deg R

Btu per lbm deg R
tbm per hr sq ft
ft per hrl

ft 1bm per Ibf hr2

Btu per lbm

Btu per hr sq ft
deg R

Btu per lbm

Btu per hr ft deg R
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Description
Flow length or total hecat-exchanger
core dimension
Effective fin length
Molecular weight

Number of layers or sandwiches
for a matrix

Number of passes in a multipass
crossflow exchanger

Rate of condensation from a
wet gas

Fraction of condensation from a
wet gas occurring on separating
walls and attached fins

Total number of length increments into

which the X dimension {ly ) of an
exchanger is divided

Total number of length increments

into which the ¥ dimension per pass

(Ly ) of a crossflow exchanger is
divided

Prandt! number (ECP/U./H Y

Pressure

Gas constant

Reynolds number (Z4r}, @//w{ )
Hydraulic radius (EACL/A )
Fin spacing

Temperature

Heat~transfer conductance on
one side

Volume

Ratio of metal volume to total
volume between plates for a matrix

Void volume on one side
Fluid inventory on one side
Mass flow rate

Coordinate axis of exchanger

Units

ft
ft

Ibm per ibm-mole

1bm per hr

1bf per sq ft

ft 1bf per lbm deg R
ft

ft

~deg R

Btu per hr deg R
cu ft

cu ft

Ybm

1bm per hr
ft
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Symbol . Description - Units
My - Vapor quality {mass-fraction vapor) of
_ a single-component condensing fluid - -
Yoo Coordinate axis of exchanger ft
JQ;P : Pressure drop , o 1bf pér sq ft
FAY : Length increment in x direction ft
ﬁ&y : Length increment in ¥y  direction ft
Lo "~ Time increment hr
) Effective fin thickness ) , ft
%% Fin efficiency _ - -
vo Heat-transfer surface efficieny - -
& Time hr
-EQ' 77 Time at beginning of time step . hr
&y Dwell time of one fluid in heat
. exchanger (=W /w ) ‘ hr
AL Dynamic viscosity ~1bm per hr ft
ég Distance along flow directioé
of s fluid : ft
,/D’ Density Ibm per cu it
o Ratio of minimum free-flow area
to total face area for one side _ - -
Cr?hf : Ratio of minimum free-flow area to
face arca between adjacent plates - -
Ty Vapor shear stress Ibf per sq ft
o Absolute humidity of a wet gas

(ibm moisture/lbm dry gas) : - -

Subscrint Description
ave Average quantity
P Value at dew point of wet gas

Gas component of wet gas
Station or section in the x direction
Iniet

Station cor section in the y» direction
for a crossflow configuration

Liquid

N j S, 30 bﬂﬁ.g
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Subscript Pescription
o 3 - Mean
Moy Maximum
met Metal
min Minimum
NF Nonflow dimension
ot . Qutlet
¥ One side or fluid of heat exchanger
S Other side or fluid of heat exchanger
sect Value at saturated conditions
E Side wall
ARV’ Vapor
W Separating wall
¥ Coordinate axis of exchanger
'y Coordinate axis of exchanger

Superscript Description
o) Quantity nondimensicnalized by hydraulic
radius
4

Value at beginning of time

step (O=8 -8 )
A Table of values
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